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ABSTRACT 

Students at M.I.T., under the supervision of 
Professor A. Douglas Carmichael, have developed a small, low 
cost, computer controlled, robot submarine, which is intended 
to follow preprogrammed course and depth instructions and 
collect subsurface oceanographic data. Since the first 
summer of testing in 1974, the submarine has undergone 
considerable further testing and improvement, mainly in 
its electronic control systems. 

This work systematically re-examines the design of 
the robot submarine, placing particular emphasis on the 
Ocean Engineering aspects of the design. The intent is to 
determine how and where changes could be made to improve the 
robot's performance. The investigation leads to the presen- 
tation of a proposed preliminary design for a second 
generation of the M.I.T. robot, which incorporates these 


improvements. 
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INTRODUCTION 

Man has plied the sea's surface for thousands of 
years, using it as a source of food and wealth and as an 
avenue of transportation. The sea's surface, however, has 
been a barrier to the search and exploitation of the vast 
expanse of water which lies below. References [1] and [2] 
detail the history of man's attempts to penetrate beneath 
the surface. This history recounts the use of crude under- 
water breathing apparatus by Alexander the Great as early as 
334 B. C. Development was slow, though, for it was not until 
1932, when Otis Burton dove to 900 meters, that men had 
explored below 300 feet. This development pace is in sharp 
contrast to the history of powered flight, which proceeded 
from Kittyhawk to the first lunar landing in only 66 years. 

Since 1932 research submersible development 
proceeded steadily through the gasoline filled ocean balloons 
of the late 1950's such as Trieste, to the more mobile self- 
propelled submarines such as Alvin [3] or Aluminaut [4]. 
These vehicles were designed to carry men to the depths so 
they could get a first hand look and with the use of various 
devices, such as mechanical arms and television cameras, 
could begin to collect samples, record data, or even work 
at depths where man had been unable to previously. These 
submersibles are very sophisticated, with life support systems, 
communications, highly trained crews, and extensive surface 


support vehicles. As a result, they are very expensive to 
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operate and maintain. Current costs for work submersibles 
used by the oil industry are in the neighborhood of $20,000 
per day. These submarines are also limited in speed and 

range and many were designed for specific missions and their 
usefulness outside of this area is severely limited as noted 
in [5]. Originally these submersibles were intended for 
research, but the recent interest in the ocean depths as a 
source of resources, especially in the search for oil deposits, 
has led to the use and further development of submersible 
vehicles as work vessels. 

The costs, limitations, and various other factors 
involved with manned submersibles led to development of vari- 
ous tethered submersibles such as CURV III [6] or the RCV 
developed by Tetra Tech. These vehicles are tethered by 
cable to a surface ship where an operator controls the vehi- 
cle remotely. Self propelled and towed designs have been 
developed and they are capable of tasks which range from 
picture taking to work performed by remote control mechanical 
arms. They vary in size from the 400,000 pound (dry) Sea 
Probe to the very small RCV. 

These tethered submersibles do have certain 
advantages and disadvantages. They do not carry men and 
thus, do not have to carry the life support systems, but this 
can also work to their detriment, since control of the vehi- 
cle must be accomplished remotely from the surface, which 


can result in a certain amount of degradation. These 
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vehicles also must carry the necessary cable around on large 
drums which get larger and heavier as the depth increases. 
These requirements introduce significant limitations on tne 
use of these vehicles. 

In part in response to the previously mentioned 
need for data collecting submersibles, the limitations of the 
manned and tethered vehicles and advancing technology a new 
type submersible has entered the picture, the robot submarine. 
This is a vehicle which has some of the better attributes 
of each of the aforementioned types without some of the 
drawbacks. 

The robot submarine is an unmanned, computer 
controlled, mobile, submarine which is either preprogrammed 
or guided by prepositioned acoustic transmitters. These 
vehicles are untethered free swimmers whose mission is 
usually underwater data collection, though they could cer- 
tainly be employed to transport tools, etc., to divers 
operating at depths. Generally the mission is only limited 
by the degree of control one can exercise over the vehicle. 

The concept of an unmanned robot submersible is 
certainly not new. U. S. Patent No. 1,868,948, dated April 
4, 1931, details a locomotor for conveying items such as 
cables beneath ice [2]. The computer technology required 
to control the vehicles has, however, just recently pro- 
gressed to the point where computer control of a submersible 


has become feasible and practical. 





19 


Reference [7] provides a listing of the non- 
military undersea vehicles in use throughout the world as 
of 1976. The report lists 100 manned submersibles and 55 
unmanned in operation or under construction. Of the un- 
manned vehicles, only five (5) are of the untethered "robot" 
variety. [8] and [9] describe two of these vehicles which 
have been or are being developed. In addition, [10] pro- 
vides a discussion of a vehicle currently being designed by 
the Navy Research Laboratories (NRL) for long range collection 
of data in the oceans. This last vehicle is certainly the 
most ambitious of all robot vehicles considered to date. 

Of particular interest to this thesis, however, is 
the robot submarine originally developed by MIT as an under- 
graduate summer project. Appendix I provides a brief 
introduction to the design and capabilities, while [11], 
[12], [13], [14] and [15] give a more detailed account of 
the MIT robot. 

Briefly, the MIT robot is a small (250 pound, dry 
weight) computer controlled vehicle designed to operate in a 
marine environment according to preprogrammed instructions, 
collecting and recording various sorts of data as it pro- 
ceeds. 

The MIT robot is of particular interest to this 
thesis since the goal of this work is to develop a prelim- 
inary design for a second generation of this data collecting 


robot submarine. This preliminary design shall be based in 
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part on experience gained during the design and operation of 
the first generation MIT robot submersible, "Albertross", 

and also on studies of the various aspects associated with 
the submarine's subsystems. The preliminary design presented 
will be complete in sufficient detail to establish the feasi- 
bility of the proposed vehicle, but will not necessarily 
include sufficient detail to allow production of all the 
vehicle's components. 

The major effort of the following design is in 
the Ocean Engineering related areas of the vehicle. These 
areas specifically include the following: 

1) External hull form 

2) Propulsion System (propulsor, transmission, 

and primemover) 

3) Pressure hull and overall structural design 

4) Energy storage system 

5) Auxilliary Systems (ballasting and emergency 

Systems) 

6) Vehicle control 

7) Overall Vehicle Integration (Hydrostatics, 

weight and moment computations, etc.) 

Details of the onboard computer design and operation 
will not be investigated, nor will the specifics of other 
internal electronic components such as the autopilot or 
various sonar systems. These areas will be studied only to 


establish reasonable size, weight, and power requirement 
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estimates for these components which will then be used to 
size Be vehicle. A similar approach will be used to evalu- 
ate prospective data collection payload items such as side 
scan sonars or photographic equipment. Candidate components 
will be evaluated for their impact on vehicle size and con- 
figuration and the feasibility and suitability of their 
inclusion into the design. 

In summary, the intention of this thesis is not 
to expound on the theories of robotics, the possibility of 
incorporating artificial intelligence concepts into the 
control of a submerged robot vehicle, nor to enter into the 
manned versus unmanned debate which is raised in [2], but 
rather to reevaluate the naval architectural and marine 
engineering aspects of such a vehicle. The end result of 
this thesis shall be the presentation of a feasible prelimin- 
ary design for a second generation of the MIT robot submarine 
which meets the established design requirements and thus is 
able to carry out various data collection missions in the 
hydrospace environment. The proposed design is not intended 
to be the end all of all robot submarines, but will essen- 
tially be a reevaluation and improvement on the first 


generation design. 
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CHAPTER 1 

DESIGN APPROACH AND DESIGN CONSTRAINTS 

Before commencing the development of a design 
there must be a good picture of the problem at hand. This 
will lead to the establishment of a design approach and to 
development of a consistent method for making the required 
decisions which will eventually result in a well balanced 
design. 

For the specific problem at hand it is necessary 
to first understand the intended use of the proposed vehicle. 
This is accomplished by first establishing specific design 
goals or requirements which constrain and guide the design 
process. Finally, a design philosophy should be evolved 
which aids in making trade off decisions. The statements of 
these three initial design facets follow: 

1.1 Proposed Operating Scenario 

The second generation robot submarine is intended 
to operate in a fashion very similar to the first generation 
robot. Changes will principally consist of improvements 
in the capabilities over those of the original robot. 

The second generation robot is intended to be a 
small, easily transportable, untethered, unmanned, computer 
controlled submersible designed to collect various types and 
forms of data in an aquatic environment. The submersible 
may be operated from a shore or waterborne launch platform 


in either fresh or salt water. Mission instructions are fed 
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to the vehicle's onboard computer via a physical data link 
between the robot and the launch station. This process may 
be performed while the vehicle is either wet (in the water) 
or dry. Upon mission commencement the submarine will use 
its autopilot controller to navigate using dead reckoning 
techniques in accordance with the previously loaded instruc- 
tions. Detailed navigation and tracking of the submarine's 
position will be accomplished by equipment at the launch site 
with the aid of a time synchronized pinger located on the 
vehicle. The launch site is assigned the tracking function 
since it is better suited to accomplish the navigation task 
than the robot is itself. To assist the navigation process 
and to provide better control to the submarine, a command 
data link shall be incorporated which allows update commands 
from the tracking station to be transmitted to the submarine. 
This capability enables the operators to change the onboard 
instructions during a mission and even order mission termina- 
tion should conditions warrant. This command capability 
becomes more and more important as the mission durations 
increase. Data collected by the robot need not in turn be 
transmitted to the operator by remote return data link, but 
will be offloaded at the end of a mission. 

For a particular mission the robot may be fitted 
with a variety of data collection components which could 
include side scan sonar, photographic equipment or oceano- 


graphic data collectors as determined necessary for a 
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particular mission. This concept of equipment flexibility 
allows one hydroframe to be used for a variety of tasks, 
thus enhancing the vehicle's overall usefulness. The data 
collection function is, after all, the reason for the sub- 
marine's existence, and flexibility in this area means the 
robot will not outlive its usefulness should the one function 
it was designed to perform change. 

The submarine is designed to be launched 
manually by a team of four men or with mechanical assistance, 
but will not require special launch apparatus. Additionally, 
launching will only be performed in relatively calm seas and 
during daylight. Accordingly, mission durations will not 
exceed approximately fifteen hours. 

| 1.2 Design Requirements 

The original MIT robot submarine was conceived as 
a small, easily transportable, untethered, unmanned submersi- 
ble. Its mission was to carry data sensors and recorders to 
the depths. The submarine was intended to be launched and 
recovered by four men, and therefore, the vehicle would be 
easily transported. These size and weight limitations add 
flexibility to the robot's use, but also place limitations 
on the submarine's capabilities. 

The aforementioned aspects of the original robot's 
design will be retained as design requirements for the second 
generation robot. Additionally, the following specific 


design requirements are intended to better define the con- 
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straints on the design. 


ES 


Vehicle gross weight dry shall be less than 
350 pounds. 

Payload capability devoted to data collection 
equipment shall be at least 50 pounds dry. 
The vehicle shall be designed to operate at 
depths down to 1,000 feet (continental shelf) 
with a factor safety for pressure vessel 
collapse of 1.5. 

Maximum operating speed; 3 to 7 knots. 
Fifteen (15) hours maximum submerged endurance. 
The vehicle shall be capable of operation in 
salt or fresh water. 

The exterior hull form (envelope) shall be 
selected to provide reduced drag and also 
provide extensive use of its enclosed volume 
for mission related functions and not just 
as free flooded volume. 

Pressure hulls shall be able to be opened 
and resealed readily to provide easy access 
to installed equipment. 

No mechanical linkages shall penetrate large 
pressure hulls. Components which require a 
pressure housing through which a mechanical 
linkage must penetrate should have their own 


pressure housings to reduce flooding, should 


TO. 


le 
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the mechanical seal fail. 
All pressure hulls and housings shall be 
equipped with sensors to detect water leaks 
and signal mission termination. 
The vehicle shall be designed to be slightly 
positively buoyant at design operating depth. 
The vehicle shall be able to increase its 
buoyancy at depths down to 1.5 times the 
maximum operating depth to enable the 
submarine to surface in an emergency. 
The vehicle shall be able to be readily 
trimmed to zero degrees roll or pitch during 
constant speed straight line motion. This 
system must be able to perform this function 
in any operating environment. 
The robot shall not have to make rapid course 
changes, hence directional stability of the 
vehicle shall be stressed. 
Space weight and power allocations shall be 
made for a collision avoidance sonar compatible 
with the submarine's maneuvering character- 
istics. 
An alternative power source shall be provided 
to supply power to vital systems such as the 
computer in case of primary power source 


failure. 
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Design Philosophy 


The following elements of design philosophy are 


provided to offer guidance in addition to the design re- 


quirements which may prove useful in making trade off 


decisions. 


Survivability of the submarine in the event 

of component failure shall be strongly stressed 
Conservative design predictions should be used 
in selecting components. This should lead to 
a final design which is at least as capable 

as predicted. 

An effort shall be made to reduce risks of 
failure when selecting components and develop- 
ing designs. 

Component capabilities must be viewed with a 
critical eye to their impact on the overall 
design. Small, low power, lightweight compon- 
ents are the most desirable. 

An effort shall be made to keep the center of 
gravity low to improve surfaced and submerged 
righting moments. 

Symmetry of the envelope shall be stressed to 
reduce undesirable hydrodynamic effects. 

Also, envelope openings and other drag in- 
creasing factors should be minimized. 


Simplicity should be stressed as much as 
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possible in the design to eliminate complex 
Systems with multiple failure modes. 
1.4 Design Approach 
The operating scenario, design requirements and 
design philosophy have defined the problem. The next phase 
is to develop a method to solve the design problem in an 
orderly fashion which yields the best feasible design. The 
problem must be divided into smaller parts for study and then 
the studies reintegrated to yield the final overall design. 
The individual parts, however, are not always independent, 
and the best solution in one area is not always compatible 
with the best in another area. The designer must then go 
back and resolve the conflict, but in turn, this can cause 
another conflict which must be resolved, and so on and so 
forth. The designer must perform an iterative procedure 
going through all the phases of the design in turn and 
resolving conflicts until he has a solution which is satis- 
factory. This iterative design process is illustrated by 
Figure I. As represented, this process does not always have 
a well defined starting point. 
For the purpose of this design the problem was 
divided into nine parts as follows: 
l. Envelope - the external hull form 
2. Propulsion System - includes propulsor, 
transmission, and prime mover 


3. Energy Storage System - the storage method 
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for energy required by onboard electronics 
and the propulsion system 

Pressure Hull and Structural Design 

Control System - brief evaluation of vehicle 
contralability and control system 

Control Payload Equipments - those equipments 
vital to control of the robot such as the 
computer and autopilot 

Data Collection Payload Equipments - those 
equipments which are related solely to data 
collection 

Trim, Ballast and other Auxilliary Svstems 


Overall Submarine Systems Integration. 


Supporting studies conducted in these nine areas 


are presented in Appendices II through IX. The results of 


these studies led to the chosen configuration which is pre- 


sented in Chapter Two. 


During the development of the design techniques 


employed by military submarine designers shall be employed 


where practical, since that problem is quite similar to the 


one at hand and those techniques have been developed during 


many years in the development of new military submarines. 
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CHAPTER 2 
PRESENTATION OF THE PROPOSED PRELIMINARY DESIGN 
FOR THE 


SECOND GENERATION ROBOT SUBMARINE 


2.0. The configuration presented here is based on 
the results of the trade off studies and design methods pre- 
sented in Appendices II through X. The proposed design is 
discussed in sections which correspond to the key design 
elements identified in Figure 1. Detail drawings of the 


selected configuration are presented in Section 2.10. 


2.1. Envelope 

The envelope is the external hull form which 
determines the drag and overall size of the vehicle. The 
envelope selection was made on the basis of the trade off 
studies presented in Appendix II. Three hull form types 
were originally considered. 

1. Torpedo hull form 

2. Laminar flow hull form 

3. Fully turbulent flow hull form. 
The attributes of these three categories were investigated 
and the fully turbulent flow Series 58, Form 4165 hull form 
was selected as the best envelope for this application. The 
comparison was based on resistance of different forms with 


the same total envelope volume and with the same volume 
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cylindrical pressure hull carrying capability. The Form 
4165 was best in both respects. 

After selection of the form, the sizing of the en- 
velope posed a considerable problem. It was decided that 
the enclosed volume in a single cylindrical pressure hull 
would be the most desirable quality to try to optimize. For 
the Form 4165, at the very best, a cylindrical pressure hull 
could only occupy fifty seven per cent of the envelope vol- 
ume. It was felt that this larger pressure hull volume would 
allow maximum space for the various electronics which perform 
the robot's tasks, and still leave sufficient space in the 
wet sections of the envelope for any desired instruments. 

With the previous goal in mind, several envelope 
pressure hull combinations were considered. An envelope 
length of nine feet would hold a cylindrical pressure hull, 
constructed as discussed in Appendix V, which would occupy 
the greatest percentage of the envelope volume possible. 
This configuration would allow the minimum sized envelope 
for a given enclosed pressure hull volume to be used. A 
check of the required pressure hull volume, as discussed in 
Appendices III and VII, indicated the proposed configuration 
would be sufficient. Additionally, an estimate of the dry 
weight of the vehicle indicated such a configuration would 
be just under the maximum weight limit of 350 lbs. The nine 


foot size was, therefore, selected. 
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The hull form parameters for the selected Series 


58 Form 4165 are as follows: 


Door. 
See | oo FE. 
x 

L/D, = 7.0 

Cp = .60 

De oe 
o 

S O rn e 


The offsets for the envelope are presented in Table 2-1. 

The envelope will be constructed of fiberglass re- 
inforced plastic laid up in a female mold. The mold will 
only be built for one half side of the envelope, since the 
two sides are identical. This construction method is widely 
used by commercial kayak and boat manufacturers. It yields 
a remarkably strong shell with a good surface finish quite 
easily. 

The appended drag of the envelope, assuming nine 
per cent additional wetted surface due to appendages, was 


calculated using the computer program presented in Appendix X. 
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TABLE 2-1 OFFSETS FOR 9 FOOT SERIES 58 FORM 4165 


X Y X 5% 
0.00 02000 4,68 0.618 

13 .183 4.86 2909 

. 36 2290 2.04 . 600 

«945 ee 5.22 1597 

22 Jo 5.40 ege 

ER ‚409 DS 2964 
12:05 ‚445 3.76 1549 
1.26 ‚Ar 3.94 . 334 
1.44 24205 Oc als 
1.62 200 6.30 >00 
1.80 . >48 6.48 . 481 
OS a al 6.66 461 
2,16 Don 6.84 ‚440 
2.34 .601 2.02 1 7 
D ¿GUS 7220 mo 
2-70 12 7.38 . 368 
283 .630 2.56 . 341 
3.106 .636 1.74 ee de 
3.24 . 640 7:09 7 . 202 
3.42 .642 8,10 250 
390 . 643 8028 wel 
3.18 .642 8.46 .178 
3.96 . 640 8.64 201657 
4.14 ¿050 8.92 . 080 
4.32 .631 QUID 0:000 
4.50 2025 


X Distance in Feet from the Forward Perpendicular 


Y Distance in Feet from the Axis of Symmetry 
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The predicted sea water drag versus speed for this appended 


envelope is presented in Figure 2-1. 


2.2 Propulsion System. 
The propulsion system is made up of the propulsor, 
drive train, and prime mover. These elements were studied 


in detail as presented in Appendix III. 


2.2.1 Propulsor. 

Three alternative propulsors were considered: 

1.  Contra-rotating propellers 

2. Ducted propellers 

3. Conventional open screw 
The contra-rotating propellers were eliminated from conten- 
tion due to the complexity of their drive train, and problems 
associated with the design of the screws. 

The accelerating inflow ducted propeller offered 
the prospect of propeller protection provided by the duct 
and reduced propeller induced vibration. The efficiency of 
this alternative, however, was low in comparison with the 
open water propeller. The possibility does exist, though, 
to use a steerable version of the ducted propeller for 
Steering. In this configuration, the normal control sur- 
faces, and their drag, could be partly eliminated. A 
comparison between the steerable ducted propeller and an 


open screw with conventional control surfaces showed the 
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ducted propeller will require less power when compared with 
the open propeller driving a body with forward diving planes 
and tail control surfaces. If the forward driving planes 
could be removed, however, and the open screw propelled 
vehicle operated with only the tail control surfaces, then 
the open screw requires less power. 

The selection required a study of the control 
problem as presented in Appendix VI. This study concluded 
that the forward diving planes could be eliminated. It also 
determined that the steerable ducted propeller involved a 
complex mechanical arrangement with a considerable risk. 

The open B-45 screw was, therefore, chosen as the best pro- 
pulsor for the robot. 

In order to select the propeller, the desired 
operating speed has to be known. Appendix X presents a com- 
puter program which calculates the most economical speed for 
the robot based on vehicle drag criteria, auxiliary electric 
load, and ocean current velocities. These data were run 
through the program for several assumed auxiliary loads and 
different current velocities. The results are shown in 
Figure 2-2. It is very evident that the optimum speed is 
more dependent on the opposing current velocity than the 
auxiliary load. Unfortunately, the opposing current velo- 
city is also the more variable of the two parameters. 

To make the best speed prediction, an opposing 


current of two knots and auxiliary load of 30 watts were 
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assumed. With these assumptions, the optimum speed was 

determined to be 3.5 knots, which was felt to be realistic. 
With the design operating speed chosen, the pro- 

peller selection was made using the method from Appendix III. 


The selected propeller characteristics are as follows: 


Screw designation: B Series 3-45 
Number of Blades: 3 


Expanded area ratio:.45 


Diameter: SOFLR: 
P/D: 12 
Design RPM: 100 
no: . 70 

n assumed: 1.00 
rr 


An attempt was originally made to select a propeller to 
operate with the first generation submarine's propulsion 
plant. The efficiency of such a screw was very poor in com- 


parison with this screw selected, however. 


2.2.2 Prime mover and Drive Train. 

Two configurations were considered. The first 
was a pressure compensated motor manufactured by the Hoover 
Electric Company. The other was the propulsion motor used 
in the first generation robot. The attributes of these two 


Systems are discussed in Appendix III. 
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Considering all the qualities of each alternative, 
it was decided to use the pressure compensated motor, due to 
its better efficiency and the fact it can not be flooded, 
since it is filled with oil. These motors, however, are 
custom built for individual applications, and the exact 
specifications for this motor are not available. Similar 
size and power output motors have been built by Hoover, and 
this data was used for estimating the size and weight of the 
unit. 

The required output of this motor is determined 


as follows: 


EHP 


SHP required = —— 
AES NDrive Train 


where: PC = ng X ng ¥ Nyy 
"cms . 70 
— LEI _ 
ng EEN 1.19 


n assumed to be = 1.0 
rr 


zen X Tn 


"Drive Train reduction gears seals 


n assumed = .9 


reduction gears 
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n ae assumed = .9 


Therefore: SHP required =.0745 horsepower. 


Figure A3-10 shows the typical motor efficiency for the cho- 
sen motor. If it is assumed the motor will be well matched 
to the load, a motor efficiency of .70 seems fully reason- 
able. The overall propulsion plant efficiency is, 


therefore: 


Propulsion Plant Efficiency = n 


PC x NDrive Train x "motor 


= .47 


The estimated motor and reduction gear parameters 


are as follows: 


Input Voltage = 24 volts 
Nominal Diameter = 4 inches 
Length = 8 inches 
Weight (Dry) = 8 lbs. 
Output RPM = 100 


2.3 Energy Storage System. 
Several candidate batteries were studied, including 


Lithium-chloride, silver-zinc, silver-cadmium, zinc-air, 
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nickel-cadmium, and lead-acid, as discussed in Appendix IV. 
For this application, a battery with a high energy to weight 
ratio and flexibility in configuration was desirable. The 
silver-zinc battery was chosen for these reasons, which were 
felt to outweigh its cost and short life span. The lead- 
acid battery, which was the other candidate, simply impacted 
the design too greatly. Additionally, the lead-acid system 
is not flexible enough to provide a reasonably sized 24 volt 
system, which is required for the chosen propulsion unit. 

The characteristics of the chosen main battery 
selected from Table A4-2 are as follows: 

Four LR4/80 series wired modules were selected 

as the main battery. 


Dimensions of the four module unit: 


Length = 13.28 inches 
Depth = 5.35 inches 
Height Overall = 7.12 inches without cover 


Total Weight 38 lbs. 


Energy rating 1920 Whr @ 40 degrees F 


Design Voltage 24 volts 

For the emergency battery located in the aft 
compartment, a sealed rechargeable battery with good stand 
life was required. The sealed lead-acid batteries manufac- 
tured by Gates Energy systems, as listed in Table A4-6, were 


considered the most suitable alternative. A 12 volt design 


was chosen to provide power to the computer, pinger, and 
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the emergency systems in case of main battery failure. The 


emergency 


battery characteristics are as follows: 


Model number 0810-0008 


Length = 4.2 inches 
Depth = 2.8 inches 
Height = 2.7 inches 
Energy Capacity = 30 Whr 

Weight = 2.5 pounds 


The power supplies which make up the third element 


of the energy storage system are located in the aft compart- 


ment to supply regulated voltages for the computer and other 


functions. 


sented in 


The voltages are as follows: 
10 volts autopilot 

5 volts servos 

5 volts instrument 
+12 volts computer interface 


+5 volts computer power and tape recorder 


2.4 Pressure Hull and Structural Design. 
The pressure hull design trade off study is pre- 


Appendix IV. A configuration using one main 


pressure housing with no mechanical linkage penetrations and 


three much smaller pressure housings to contain the control 


servos is 


employed. These pressure housings will be con- 


structed from 6061-T6 aluminum alloy pipe selected from 


Table A5-1. 
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This aluminum alloy was chosen because it is readi- 
ly available in seamless extruded pipes up to twelve inch 
diameter, has good corrosion resistance properties, is non 
magnetic, is manufactured to tolerances suitable for pressure 
hull applications, and is easily worked. Steel was con- 
sidered unacceptable because of its magnetic properties. 
Filament wound fiberglass was also very attractive, but 
requires very specialized equipment to construct. 

A straight cylindrical form was chosen for the 
main pressure hull shape as a compromise to the more effi- 
cient spherical shape or the stepped cylindrical shapes. 

TO aid in the pressure hull design, a computer 
program was developed to perform the stiffened cylindrical 
hull calculations. This program is presented in Appendix V. 

The size of the main pressure hull is determined 
by the size of the envelope and the total payload volume 
contained inside. The selected configuration characteris- 
tics are presented in Table 2-2. The forward compartment 
is intended to house the data collection payload electronics. 
The middle compartment houses the main battery and the aft 
compartment houses the robot control payload electronics, 
including the computer, autopilot, power supplies, emergency 
battery, magnetic heading compass, and data tape recorder. 
The sizes of these compartments were determined by require- 
ments estimated in Appendices III and VII. 


The main pressure hull also forms the primary 
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TABLE 2-2 SUMMARY OF MAIN PRESSURE HULL DIMENSIONS 


Refer to Figure A4-1 for Definations 


Ly = >) Or nches — 2m0. O0 inches 
zn. ones Laft — O Tasa 
n E Dy = 12.25 inches 
pell 0.279 inches tbulk = 0.25 inches 
te = 0.279 inches 
end cap 
Stiffening Frame Dimensions 
t - 0.50 inches h = 0.75 inches 
web web 
Connecting Flange Dimensions 
E eb = 1.00 inches Ss = 0.75 inshes 


Complete Pressure Hull Characteristics 


Volume in Cylinder = 4487 La 
Volume in End Caps = Den 
Total Enclosed Volume = 4764 T 
Displaced Volume = 5470 im 
Displaced Weight Sea = 2 eal Ds. 
Displaced Weight Fresh = 200 1bs 
Hull Weight Total = 79 1bs 
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structural member of the submarine. The largest bending 
moments the pressure hull will experience occur during lift- 
ing, when the hull is out of the water, suspended by its 
ends. The maximum total weight the pressure hull can carry, 
and still be positively buoyant, is 205 pounds, which is 
equal to the buoyancy of the hull in salt water. Using the 


bending moment equation: 


P r A 
I 
where: o = Stress psi 


M = Bending Moment 
y = Distance to the extreme fiber from neutral axis 
I = Moment of Inertia 


with oy and I of the aluminum pipe, the cylinder could support 
a point load of almost 30,000 pounds at its midpoint without 
yielding due to the bending moment stresses. It will, 
therefore, provide more than adequate support for its en- 
closed maximum load. 

The pressure hull's flanges provide surfaces to 
bolt the sections of the pressure hull together. The height 


of these flanges was chosen as .75 inches to help keep the 
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maximum diameter small, and this height was felt to offer 
sufficient bolting surface. The sections are held together 
by twelve one-quarter-inch diameter stainless steel bolts. 
The bolts are stressed during handling, but at depth they 
will align the sections which are forced together by the 

444 psi external operating pressure. These connecting 
flanges also serve in conjunction with the one-quarter-inch 
bulkheads to strengthen the hull against general instability 
failure. 

During fitting out of the pressure hull, the 
materials used must be carefully chosen. Copper, brass, 
nickel, monel, tin, lead and carbon steel should be avoided, 
Since they can form a galvanic couple, causing serious cor- 
rosion of the aluminum. Stainless steel and zinc or zinc- 
coated steel are satisfactory. 

Several penetrations of the hull are required for 
electrical and other connections. The electrical connections 
penetrate the hull in the end caps on the axis. Sufficient 
connections should be fitted to handle any requirement, and 
the unused capped. The end caps are almost three times as 
thick as required to allow for these penetrations. 

Additional penetrations are required through the 
battery compartment. One leads from the high pressure air 
bottles to the buoyancy augmentation enclosure. The battery 
compartment should also be fitted with plugged openings to 


allow venting of the compartment without disconnecting the 
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flanges. A pressure relief valve should also be fitted to 
the battery compartment to prevent an unwanted buildup of 
gas if one of the high pressure bottles should start to leak. 
This relief should be mounted internally, if possible. 

The selected pressure hull configuration is de- 
signed to operate at 1000 feet; however, an additional 
weight of ten pounds would allow operation to 2500 feet. 
This modification involves halving the stiffening frame 
separations. 

The other pressure housings which contain the 
servo motors are constructed from unstiffened aluminum pipe 
with flat end closures whose thickness is determined by the 


following formula: 


ct 
li 


y (0. / 
p (0.3 0b) oy 


t = thickness of flat end plate 


e 
lI 


diameter of the plate 


FU 
l 


= 1.5 design operating depth pressure 


For the 1.99 inch O.D. servo motor housings, the end caps 
then have to be 0.15 inches thick. 
Structural support in the tail section is provided 


by an aluminum support framing working in conjunction with 
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the envelope. The nose is supported by the envelope alone. 


2.5 Control System. 

A horizontal and vertical set of fins with movable 
control surfaces are fitted as far aft On the tail as possi- 
ble. The movable parts of the control surfaces are of the 
balanced design and are activated by three servo motors in 
the same arrangement as used on the original robot. 

The control surfaces themselves are larger than 
those used on the original robot, and are higher aspect 
ratio, which gives better lift and drag performance. The 
surfaces consist of a movable part and a nonmovable support 
part. The control surface configuration shown in Figure 2-3 
is intended to be representative of this design. The actual 
configuration will be dependent on fabrication and more spe- 
cific control requirements. 

A detailed analysis of the controllability of the 
Submarine was not performed, due to time constraints. This 
analysis would be conducted using the methods of [15]. In 
any case, at this point, the analysis would only be an ap- 
proximation, since the physical characteristics, such as 
moment inertia, have to be known, and these would be based 
on estimates, at best. 

From previous experience with the envelope form, 
the directional stability characteristics of the vehicle are 


expected to be very good. 





50 


2.6 Robot Control Payload. 

The robot control payload items are considered 
those electronics which control the robot's actions. These 
electronics form the heart of the robot. Included in this 
category are the computer, autopilot, location pinger, and 
heading sensor, among others. 

The control electronics onboard the present MIT 
robot has received a great deal of design and development 
since the inception of the robot. This group is continuing 
to receive a great deal of attention since improvements in 
this area vastly increase the operational capabilities of 
the present robot. 

A detail study of the control equipment was not 
undertaken. However, these functions were investigated, as 
presented in Appendix VII, to obtain an estimate of the re- 
quired space they will occupy onboard. Generally, these 
electronics are very low density, and their volume is more 
important than the weight. 

A volume of 2100 cubic inches has been made 
available in the aft compartment of the proposed design. 

An additional space of 1300 cubic inches is available in 
the forward compartment, but this volume is earmarked for 
data collection payload items. The compartments were di- 
vided up this way so data collection payload electronics 
could be removed or replaced without affecting the robot 


control payload. 
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The battery compartment separates the two com- 
partments.  Bulkheads seal the battery compartment and any 
necessary electrical connections between the two compart- 
ments pass through the overhead of the battery compartment 


and are sealed at the bulkhead with gas tight connectors. 


2.7 Data Collection Payload. 

The data collection payload is composed of those 
equipments which relate to the data collection mission. In 
Appendix VIII, two high impact data payload items were con- 
sidered, a side scan sonar and a still camera. The side scan 
sonar was eliminated as a contender because there presently 
is no method, suitable for robot operation, to store the 
data onboard. 

The still camera was considered as a high impact 
system which would be very desirable. However, a vehicle 
would have to be designed to perform only that one function; 
and even then, it is debatable if the high exposure camera 
could be accommodated in a vehicle with the size and weight 
limitations established. 

With the two high impact data collection payloads 
eliminated, a multitude of lower impact sensors, such as 
temperature, or salinity sensors, are left. The forward 
compartment is dedicated to house any electronics associated 
with these functions. A total of 1300 cubic inches is 


provided in this compartment. 
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2.8 Auxiliary Systems. 

The auxiliary systems include the buoyancy augmen- 
tation system, trim system, and the emergency systems. 

The emergency systems include the flooding sensors 
in the main and servo pressure housings, an excess depth 
sensor, and a switching system to switch the acoustic loca- 
tor to auxiliary power. These functions are the same as 
those employed in the original robot, except here they are 
located in the aft compartment. 

The trim system is an attempt to eliminate the 
timely process of hand ballasting each time the operating 
environment is changed. This system is discussed in Appendix 
IX. At this point, it can only be considered conceptual, 
since the actual design must be developed and tested to prove 
its feasibility. Space and weight allocations were made for 
this system onboard, however. 

The two trim tanks shown in Figure 2-3 are not 
the same size. The rear tank has a volume of 61.1 cubic 
inches, and the forward tank has a volume of only 35.6 cubic 
inches. The tanks are sized this way due to space limita- 
tions; also, the forward tank is further from the center of 
buoyancy of the vehicle than the rear tank, and accordingly, 
can exert a greater moment using less weight. 

The trim tanks are not sized to be able to compen- 
sate for the buoyancy change between fresh and salt water. 


This must be accomplished by adding ballast weights and then 
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performing final trimming with the trimming system. 

A buoyancy augmentation system is also installed. 
This is a buoyancy augmentation system, rather than a ballast 
system, because it does not do any ballasting. When the 
robot is placed in the water, this system is vented to ex- 
pell any air. When coming up, the system is used to augment 
the buoyancy by discharging compressed air into an open en- 
closure surrounding the battery compartment. A schematic 
is presented in Table A9-2 of Appendix IX. 

The air system was chosen over a dropping weight 
for several reasons. First, weights are a one shot affair, 
whereas this system can be used repeatedly. Second, vehi- 
cles of this sort tend to have a vertical center of gravity 
very close to the vertical center of buoyancy. When the 
weight is dropped, this distance is shortened considerably, 
and the vehicle becomes less stable, or even unstable. 

A lightweight enclosure open to the sea at the 
bottom is fitted around the battery compartment into which 
compressed air is blown. This enclosure has a total volume 
of 400 cubic inches, which will allow 14.6 pounds of buoy- 
ancy. The location of the enclosure is slightly forward of 
the LCB, so that the vehicle will nose up slightly when the 
water is expelled from the enclosure. This system is very 
compatible with the hull form and vehicle configuration 
chosen. 


This system is only presented at this point asa 
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concept, however. A detailed design and testing would have 


to be accomplished before the system is installed. 


2.9 Submarine integration. 

With the final configuration determined, the parts 
must fit together and operate as a unit. The most critical 
of these requirements is the ability to float upright in 
near neutral buoyancy. Table 2-3 presents a weight and 
longitudinal moment study for the various robot weight 
groups. At this point, only the longitudinal center of 
buoyancy and gravity were calculated. The vertical center 
of gravity was not calculated because it is a strong func- 
tion of the arrangement of equipment inside the pressure 
hull, and this arrangement could not be determined with any 
accuracy. The location of the battery is low, which will 
certainly help to lower the center of gravity. 

As can be seen from Table 2-3, the submarine does 
balance. The data presented in this table is calculated for 
fresh water. The submarine is, however, intended to be oper- 
ated slightly positively buoyant, which is not accounted for 
in this calculation. 

The amount of positive buoyancy was originally 
intended to be determined so the vehicle would remain posi- 
tively buoyant at operating depth. A calculation to deter- 
mine the effect of the external pressure on the pressure hull 


showed the hull lost about 0.081 pounds of buoyancy due to 
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APTE 2-3 PRELIMINARY WEIGHT AND MOMENT BALANCE FOR THE 


PROPOSED SECOND GENERATION SUBMARINE 


Weight Group Weight X Buoyancy* X 


Envelope and 

Support Structure 3] 38 
Propulsion System 130210 
Main Battery 39.00 
Pressure Hull 19.43 
Control Ee 
Trim & Buoyancy 14.40 
Misc. S 
Wet Payload Nose 10.00 
Fwd. Compt. Payload 19.25 
Eu Ccompt. Payload 27.45 
Syntactic-Foam 15:255 
TOTAL : 273904 


* Fresh Water 


Xx Distance in Feet from the Forward 


. 08 


112.3 


152 


250) 


182 


227, 


SEA 


07 


ie 


3510 


. 24 


IV 


5:05 


| 7.20 


DA 


3.01 


OS 


29:9 


Perpendicular 


4.36 


20» 


OROS 


4.24 
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compression at depth. This is, obviously, not significant 


enough to worry about. 


2.10 Summary of the Characteristics of the 

Proposed Second Generation Robot Submarine 

Table 2-1 summarizes the characteristics of the 
proposed second generation of the MIT robot submarine. 

Figures 2-3 through 2-5 show various views of the 


proposed design. 
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TABLE 2-4 SUMMARY OF THE PROPOSED SECOND GENERATION 
ROBOT SUBMARINE'S CHARACTERISTICS 


Envelope Form: Series 58 Form 4165 


fees beet Ct. Dae EO ret. 

Design Operating Speed: 3.5 knots 

Endurance : 20 hours 

Range : 70 NM with zero current 

Main Battery : Silver-Zinc 24 volt 1920 Wh 

Emergency Battery : Sealed Lead-Acid 12 volt 
30 Wh 

Dry Weight : 2/4 lbs. 

Required SHP : 0.0745 

Propeller : B 3-45 DE = 0.9 ft. 

Pressure Hull Material: 6061-T6 Aliminum Alloy 

Design Operating Depth: 1000 ft. 

Design Crush Depth : ID EE. 

Maximum Pitch Angle : 30 degrees limited by 


the compass gimballing 


Total Enclosed Payload 


Volume : 3400 in^ 
Data Collection 
Payload Capacity : 29.25 lbs. (depends on 


volume) 
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FIGURE 2-5 CROSS SECTION OF MOTOR COMPARTMENT 


Fiberglass Shell 






Motor & 
Reduction Gear 


cS J Syntactic Foam 


c— > Aluminum Support Structure 
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CHAPTER 3 
OBSERVATIONS, CONCLUSIONS AND RECOMMENDATIONS 

The design process does not really have a definite 
ending. Sometimes there are forced periods of dormancy due 
to deadlines or other factors, but usually various aspects 
of a design reappear to be reviewed and refined again. Such 
is the case with this preliminary design. It was not intend- 
ed to be the end-all of robot submersibles, but merely an 
opportunity to take a systematic look at the various elements 
which make up the robot submarine, to see where and how im- 
provements were possible, and could be implemented. [In this 
respect, it seems to have succeeded. 

This analysis focused on the ocean engineering 
aspects of the submersible robot problem. But of perhaps 
greater importance, are the electronics aspects of the 
design. As new technologies in these areas are advanced 
and refined, the capabilities of the robot will be vastly 
improved. 

The design presented here has met nearly all of 
the design requirements stipulated at the beginning of the 
project. Several specific aspects are, however, worthy of 
special mention. 

The first is the pressure hull weight, which 
greatly affects the buoyancy and load carrying capability. 
In the present design, the pressure hull thickness is 


greater than is required. In fact, an increase in pressure 





62 
hull weight of about 13 per cent (10 pounds), due to halving 
the stiffening frame spacing, will allow a design operating 
depth of 2500 feet, rather than the present 1000 feet. This 
additional weight was unavoidable, however, since the pres- 
sure hull material was not available with thinner wall 
dimensions. 

The second aspect of note is the battery selection. 
The silver-zinc battery selection allows use of the ten inch 
diameter pressure hull vice a twelve inch diameter required 
for a lead-acid battery. This selection also greatly improves 
the endurance of the vehicle and allows the more flexible 
twenty four volt battery system. 

The final point is the use of the 4165 envelope 
form with the double hull configuration. This envelope 
Significantly reduces the vehicle drag and propulsion plant 
power required. The use of the double hull configuration 
also allows the more easily installed external stiffening 
frames to be used, and the space between the two hulls pro- 
vides room for functions such as flotation foam and the 
buoyancy augmentation system. 

In the final analysis, the project appears to have 
achieved most of its goals; but, this is only a preliminary 
design. A detailed design would certainly have to be con- 
ducted before this proposed configuration were actually 


constructed. 
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APPENDIX I 
SUMMARY OF THE CHARACTERISTICS 
OF THE 
ORIGINAL MIT ROBOT SUBMARINE 
A1.0 
A small robot submarine designed to collect 
oceanographic data was originally developed as part of an 
undergraduate laboratory in the summer of 1974 by students 
at MIT. It has since undergone considerable further develop- 
ment and refinement. Detailed descriptions of the vehicle 
through the various phases of its development and testing 
are contained in [11], [12], [13], [14], and [15]. 
Figures Al-l and Al-2 present general views of 
the robot showing the exterior and internal arrangement. 
The general characteristics of the robot are 


as follows: 


Speed through the water . . . 2.2 knots 
Design range . . . . . . +. + 13 NM 
Design Operating Depth . . . 200 ft. 
Weight (dry) . . . . . . . +. 240 1bs. 
DGDAMedgc c xc. .25 bs. 
cnn ccc 7.52 ft. 
Maximum Diameter . . . . . . 1.23 ft. 


Al.l Envelope 
The robot's envelope is a modified torpedo form 


with a 4 foot aluminum cylindrical midsection and fiberglass 
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nose and tail cones fitted on the ends for streamlining. 
These fairings are all removable to provide internal access. 
Towing tank tests with the actual vehicle measured the ap- 
pended drag coefficient, 
RA 
1 


E Du? - 
Co = / 5 o L V, as 6.0 x 10 


SE 


Al.2 Propulsion System 

The propulsion system consists of a twelve inch 
diameter two bladed propeller driven by a twelve volt D. C. 
trolling motor through a 10:1 reduction gear. The motor and 
reduction gears are housed in a 6 inch poly vinyl chloride 
(PVC) pressure housing. 

Al.3 Energy Storage System 

Electrical power is supplied by a 96 AH automobile 
battery equipped with a pressure compensating cover which 
allows the battery to operate fully immersed in water. 

The battery supplies electrical power directly to 
the propulsion motor, but other regulated power supplies pro- 
vide the following voltages: 

10 V to autopilot; 

5 V for servo's, and instruments; 

+12V & +5V to the Computer; 

9.1V for auxilliary. 

Emergency power is provided to the computer by 


small rechargeable batteries. 
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Al.4 Pressure Hull and Structural Design 

Four 5.91 inch (15 cm) diameter PVC tubes with 
flat PVC end caps make up the pressure housings for in- 
stalled electronic components. These cylinders are arranged 
as shown in Figures Al-1 and Al-2. Another tube of the same 
diameter is located on the centerline aft to provide the 
pressure housing for the propulsion motor, reduction gear, 
and the aft fin control servos. Additional 3.91 inch (10 cm) 
tubes are fitted next to the main pressure housings to pro- 
vide additional buoyancy as shown in Figure Al-2. The total 
enclosed volume for electronics amounts to about 2,000 m 

The structural members of the robot are four 2.0 
inch PVC tubes which run the entire length of the cylindrical 
section. These support tubes are, in turn, supported by 
four aluminum bulkheads which divide the main cylinder into 
three compartments. 

Al.5 Control System. 

Vehicle control is provided by six control sur- 
faces operated by small electric servo motors with integral 
position feedback potentiometers. 

The forward pair of control surfaces act together 
and are positioned by a single servomotor. This pair of 
control surfaces operate in conjunction with another servo 
controlled pair of fins located at the tail to control the 
robot's depth and pitch. 


Yaw control is provided by another pair of movable 
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control surfaces mounted vertically at the tail and con- 
trolled by a separate servo. 

The operation of the control surfaces is coordina- 
ted by an autopilot whose function and operation are dis- 
cussed in the following section. 

Al.6 Robot Control Payload Equipment 

The brain of the robot is a mini computer located 
in the lower aft six inch pressure housing which controls all 
the functions of the robot. The computer is comprised of 
three main parts: 

1. The Central Processing Unit (CPU) 

2. Memory 

3. Interfaces. 

The CPU is a 16 bit microprocessor built using 
low power usage CMOS integrated circuits and requiring only 
200 mW of power. 

The computer's memory is AE by 16 bit with a power 
consumption of 1.5 - 2.5 w. 

Three interfaces are provided. The first uses a 
D>A and A+D conversion between the computer and the autopilot. 
The second interfaces the telepype and cassette tape recorder 
to store digital data. The remaining interface is to the 
control panel which is used for detailed manual control of 
the computer and the submarine. 

Information is passed to and from the computer 


through an optical coupler. An array of light emitting 
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diodes (LEDs) and phototransistors in the coupler provide 
the signal path and eliminate the need for making and break- 
ing electrical corrections so that data can be fed in with 
the robot in the water. 

An autopilot provides real time control of the 
robot. It carries out the computer's depth and course in- 
structions and controls the pitch attitude of the vehicle. 
The autopilot has three sections: 

l. Sensors which sense depth, attitude, and 

vehicle heading. 

2. Analog controller, which provides control 
Signals to instruct the control surfaces. 

3. Servo Amplifiers, which use the analog 
controller's signals to provide the neces- 
sary power to drive the servomotors. 

The sensors provide pitch, depth, and heading 
information to the autopilot. Pitch is obtained from an oil 
damped pendulum attached to a potentiometer. Depth is de- 
termined by an absolute pressure transducer. Heading is 
determined from a magnetic compass using photo-potentio- 
meters placed below a compass card on which a spiral is 
scratched. 

The analog controller is a proportional-derivative 
controller which utilizes the differences between the com- 
mand signals and the sensor output to generate the control 


Signals. Depth and heading commands come from the computer 
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while the attitude command requires the robot to remain 
horizontal. 

The servo amplifiers compare the voltaqes on the 
command lines with the position feedback voltages from the 
servomotors and provide power to move the motors until the 
voltages match. 

Al.7 Data Recording Payload Equipment. 

The only oceanographic data the robot currently 
records is temperature. The major work to date has been 
concerned with perfecting the control of the submarine and 
not adapting new data collecting equipment. 

A1.8 Auxilliary Systems. 

Each pressure housing is equipped with sensors to 
detect the presence of water which would indicate a leak in 
the housing. 

The robot is not equipped with any buoyancy 
augmentation devices or automatic trimming system. 

A 10 KH transducer which emits a 4 ms burst every 
second is located in the nose of the robot. The vehicle is 
tracked by the use of this "pinger" in conjunction with a 
sonar receiving system coupled to two hydrophones and a wet 


paper recorder with a precise one second sweep. 
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APPENDIX II 
ENVELOPE FORM TRADE OFF STUDY 
A review of the envelope design of many of the 
present robot submersibles shows they all have significant 
cylindrical midbody with various degrees of nose and tail 
streamlining, much the same as a torpedo. This allows the 
outside shell of a cylindrical pressure hull to be the 
outside of the envelope. Many modern military submarines 
are also designed for part of their length with this so 
called single hull configuration. A torpedo Shape may, how- 
ever, not be the most efficient from the standpoint of 
resistance; after all, torpedoes have cylindrical midsec- 
tions so they can be launched easily from cylindrical tubes 
and this is not a requirement for the robot. 

For the purposes of this design an envelope form 

1s required which has the following characteristics: 

1. Low drag for a given measure of enclosed 
volume, either total enclosed volume or 
volume enclosed ina particular size and 
configuration of pressure hulls. 

2. A form which enhances maneuvering character- 
istics. 

3. A form which is compatible with pressure hull 
design. 

4.. A form which is compatible with the control 


surface and propulsor configuration. 
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One attribute common to any envelope form to be 
considered is they shall be bodies of revolution since 
this type of body displays better hydrodynamic performance 
than forms which are not. Any other common attribute among 
possible candidates is not so well defined. Three candidate 
envelope forms will be considered and evaluated. These are 
as follows: 

1. Torpedo form with streamlined nose and tail 

sections 

2. Laminar flow form 

3. Fully turbulent flow form 

The first alternative, the modified torpedo form, 
is the envelope used in the first generation robot submarine. 
At this point, no additional evaluation of this form will be 
performed, but the data and assumptions from that vehicle will 
be used to help measure the effectiveness of other proposed 
envelope forms. 

The second alternative, the laminar flow form, 
was first presented in [16] by Carmichael in his work with 
the Dolphin hull form. An example of this type hull form 
is presented in Figure A 2-1. The theory behind this shape 
is that by proper choice of shape a hull form may be designed 
which promotes laminar flow over a considerable length of the 
body, even at high Reynold's numbers. By promoting laminar 
flow the drag can be reduced considerably. Carmichael 


claimed drag reductions in the range of 40 per cent over a 
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conventional torpedo hull form of equal volume at 45 knots. 

In [17], Parsons and Goodson carried Carmichael's 
work further and developed a method to study optimum laminar 
flow designs for minimum drag at various Reynold's numbers. 
This work developed a series of forms for different Reynold's 
numbers, all of which show significant drag reductions over 
non laminar flow bodies. This study was, however, conducted 
on unpowered mathematical models with no assumed surface 
roughness operating in modeled fluids. The authors express 
significant doubt, however, over whether the laminar flow 
can be maintained as predicted in an actual marine environ- 
ment. Factors such as hull surface roughness and vibrations 
imparted to the hull by the propulsion system both may trip 
the laminar boundary layer, and with a turbulent boundary 
layer these hull forms are far from optimum. In fact, in 
their final conclusions, the authors state they believe that 
laminar flow over these bodies in a real environment will be 
prevented by surface roughness. 

Despite these reservations concerning the practi- 
cality of sustaining laminar boundary layer flows in an 
Operational environment, Johnson, et al, [10] selected a 
laminar flow hull form for the Naval Research Laboratory's 
proposed smart multi-mission unmanned free swimming submersi- 
ble, claiming drag reductions of about one third over other 
hull form designs. They also stipulate that hull roughness 


heights must be less than .0005 inches in order to maintain 
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the laminar flow characteristics. 

A11 factors considered, it is doubtful that 
surface roughnesses of the magnitude stipulated in [10] can 
be maintained over time with the handling a vessel such as 
this receives. Also, they have not addressed the question 
of propulsion system induced vibrations which will tend to 
trip the laminar layer. It, therefore, has been concluded 
for this study that the laminar flow hull forms, though they 
offer the possibility of considerable drag reductions, are 
not realistic for the robot vehicle. Their selection would 
introduce a serious risk into the design. In [10], the 
authors indicate NRL is planning to build a laminar flow 
envelope form for their vehicle to be tested in FY 78. The 
results of these tests should prove most informative. 

Having eliminated the laminar flow form from 
further evaluation, consideration turns to the third 
alternative, ene fully turbulent flow hull form. Parsons 
and Goodson also studied this flow situation. The best body 
of this type which they studied proved to be nearly identical 
to the series 58 form number 4165 tested by Gertler and re- 
ported in [18]. Gertler also concluded the form 4165 was 
the best of those he tested. 

To arrive at his conclusions, Gertler towed models 
Of 24 bodies of revolution which had five systematically 
varied hull parameters, to determine the impact of changing 


each parameter on the drag. Table A 2-1 lists these 
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TABLE A2-1 


Ihe Geometrical Parameters for Models of Series 58 


Model m Sé ri ES L/D, 
4154 0540 [REN 0.10 0.65 4.0 
21155 0.40 050 ORLO 0.65 5.20 
4156 0.40 0.50 0.10 0.65 6.0 
4157 0.40 0.50 ORTO noo 7.0 
4158 0.40 0.50 0.10 0.65 8.0 
4159 0.40 0.50 Cree 0.65 0:0 
4160 0.36 0550 Rat 0.65 ny 
4161 0.44 0.50 0.10 0.65 7.0 
4162 0.48 0.50 0.10 0.65 10 
4163 0.52 0.50 0.10 0.65 7.0 
4164 0.40 0.50 0 10 055 peu 
4165 OTSO 0.50 0 10 0 60 LaO 
4166 0740 0.50 ORRO 0.70 70 
4167 0.40 0.00 0.10 0:65 7.0 
4168 0.40 0.30 0.10 0.65 zn 
4169 0.40 0.70 OL TO 0.65 GERS 
4170 0.40 200 0.10 0.65 7.0 
4171 EA 0.50 0.00 565 7.0 
21 72 0.40 0.50 0.05 0.65 TAO 
4173 0.40 0.50 DONES 0565 7.0 
4174 0.40 0:50 O. 20 0.65 70) 
4175 0.40 0750 0.10 0.60 SRO 
4176 0.40 0.50 0.10 0.55 Sui) 
4177 07934 92550 0.10 065 7.0 


m - Position Maximum Section 


RL 
m Nose Radius e 
ry = HEUTE IUS —— 
V D 
E 
C E tege 
2 
ED d 
4 


Reference (18) 
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ESrameters for the 24 models Gertler tested. 

To better evaluate the series 58 form, it is 
necessary to understand and develop a method to calculate 
the drag on the bodies of this series. 

TO calculate the drag of the series 58 envelope 
forms, the resistance is first broken down into three com- 
ponents: Ce, frictional resistance due to viscous drag; 

-— the residuary resistance; and, ACe, a correction factor 
to account for hull roughness. The total resistance co- 


efficient is then the sum of these three components. 


Cop = Ce t E + AC, 
also, 
Rn 
ae = 
[U 2J6 S 
where: 
p = mass density of fluid 


1.99 slugs/ft? for sea water @ 60°F 


< 
II 


Velocity 


un 
I 


Wetted surface area of body 


Gertler used a value of 0.4 x 107? for AC er however, 
he notes this value may be low even for clean bottomed ves- 
sels. In [19] Jackson recommends a range for AC, of 0.5 x 


T 
nop BE 1.2 x ome due to holes in the hull, construction 
imperfections, etc. The employment intended for the robot 


involves removal from the water when not in operation, and 
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it should easily be possible to fabricate a fairly smooth 
model. For this analysis then, a value of 0.5 x one for 


AC. is selected as suitable. The major reason for dividing 


f 
the resistance coefficient into three components is to 
separate the frictional resistance, which varies as the 
Reynold's number, from the residuary resistance which is 
directly proportional to the velocity squared for a parti- 
cular hull form. The values of C. which Gertler determined 
by experiment for the various forms of Series 58 are shown 
in table A 2-2. 

The remaining element necessary for calculating 
the resistance is to determine C,. Gertler used the Schoen- 


£ 


herr formula for this calculation. 


2282 = log, [ (Re) (C4) 
“Cs 
where Re = LAT 
V 
and L = length overall 
V = Speed 
v = Kinematic viscosity of fluid medium 


However, the solution of this formula has to be de- 
termined by combersome iteration. In [l9], Jackson presents 


an alternate formula which does not require an iterative so- 


lution: 
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Table A2-2 
Net Residual-Resistance Coefficients for Series 58 Forms 


at Deep Submergence 


Reference (18) 


Model Briten podes Coefficient 
E s. 10? DUCHESS 
4155 0.36 4167 0.16 
4156 0522 4168 0.14 
ay Sy 0.13 4169 0.14 
4158 0.09 4170 0.18 
4159 PRONS 4171 0.13 
4160 0.12 4172 0.13 
4161 US 4173 SES 
4162 0.17 4174 0.10 
4163 0.19 4175 0.32 
4164 0.37 4176 0.41 
4165 0.07 4177 0.16 
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0:472 


[log Re]2"38 


where Re = V L 
y 


This is easier but it's accuracy must be questioned. 
A comparison of the results of the two formula at Reynold's 
numbers of Sa and 10” indicate the Jackson formula yields 
solutions for Ce which are five percent and six percent great- 
er, respectively, than those calculated using the Schoenherr 
formula. Since a larger value of Ce is more conservative, 
the Jackson formula will be used to determine Cee 


A summary of the resistance calculation procedure 


follows: 


Bare hull resistance = Ry 


2 
[Ce + C. + AC £] (1/2) p V” S 


ER 


0.472 


[log Re] ^: ?8 


C ^ from table A2-2 


AC. = 0.5 x 10. 


p = mass density of fluid 
1.99 slugs/ft^ for sea water @ 60°F 
2.93 slugs/£t? for fresh water @ 60°F 


Wetted surface 


un 
ll 
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V = Velocity relative to fluid 
Re = — = 1.2641 x Jo Fe (See salt water 
BEE 
Ro V 
EHP ay = —s0 horsepower 


This is, however, only a method for determining the 
bare hull resistance. The appended hull resistance is of more 


interest. For this purpose, Gertler used an empirical for- 


mula: 
St 
Rp (appended) ER = 
where: 
Se = wetted surface area Of appendages 
S = bare hull wetted surface 
2.3= an empirical factor determined from 
various actual submarine data 
3e 
also: EHP ( appended) ^ EHP py [1 420253 s 


With the means to calculate the resistance of the 
forms established, the problem remains to develop a means of 
measuring the merit of one form over another.  Gertler did 
this by comparing forms of equal enclosed volume. On this 
basis, he determined that form 4165 had the lowest drag for 


a given enclosed volume, Y. With the robot, however, the 
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concern is with the volume which can be enclosed inside the 
envelope in a pressure hull. This could prove to be a more 
adequate measure of an envelope's usefulness. According to 
the pressure hull study, Appendix V, a uniform diameter 
cylindrical shape is the best shape for the intended purpose. 
Therefore, an envelope form's resistance should be evaluated 
in relation to the volume inside which can be enclosed in a 
cylindrical pressure hull. On this basis, the 4165 form may 
no longer be the best selection. 

In looking for more suitable forms for comparison 
among the Series 58,consideration was given to forms which 
have a higher GC since these will be more able to accomodate 
a larger cylindrical pressure hull. As additional candidate 
forms the form 4173 with a Co = 0.65 and the form 4165 with 
a E = 0.70 have been selected. The remaining parameters 
of these two forms remain unchanged from those of the Form 
4165 with the exception of the tail radius of the Form 4173 
which is 0.15 vice the value of 0.10 for the form 4165. 
Gertler, however, found this parameter had very little 
effect on the resistance. Tables of offsets and profile 
views of these three envelope forms are presented in tables 
A 2 - 3 through 5 and figures A 2-1 through 3. 

To evaluate the cylindrical pressure hull carrying 
capability of each candidate form, determination must first 
be made of the largest cylindrical volume which can be 


contained within a given envelope. This task was performed 
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TABLE A2-3 
Offsets for Form 4165 


X/L Y/D Formula: 





0.00 ¡0.0000 





2 2 3 4 5; 6 

X04 .1423 Y“=a, X+a,X“+a,X ta, task tax 
15015920 EE o o 06 
. 06 22476 

. 08 22899 where ges * 1.000000 

10 . 3179 

SSES ‚3462 a, = * 0.837153 

.14 29710 

.16 3930 SE 8.585996 

EIS 245129 

‚20 ‚4260 GK * 14.075954 

222 ,4439 

224 4505 q 10.542535 

. 26 4674 

229 24765 as 5 + 3.215422 

30) ‚4841 

32 ‚4900 

.34 4944 

ee EE Wetted Surface = .33094 L2 
EE e = .9617 x 10°? 1? 
24 4978 UNE 

.46 | .4950 | LEB m 
.48 ‚4911 L 

2:50) .4864 | Length Diameter Ratio = Em 7 
232 ‚4806 

194 4739 Prismatic Coefficient = C = .60 
‚56 | .4665 p 

. 58 ‚4580 

‚60 ‚4486 

.62 . 4384 

64 20243 

, DÉI 4154 

.68 .4026 

709 . 3890 

SE, . 3743 

A . 3588 

. 76 11422 

.78 3245 

‚80 43059 

. 82 . 2861 

. 84 E2002 

. 86 .2429 

, HR .2193 

. 90 .194) 

. 92 oy 

. 94 . 1383 

.96 .1065 

.98 . 0699 
1,00 |0.0000 


Reference (18) 
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TABLE A2-4 
Offsets for Form 4173 


CL PD Formula: 





0.00 [ 0.0000 ! 
202 21033 Y^za X 5a X^ta X^ ta, X3 a X^ sa, x 
204290552055 P x 


. 06 . 2530 

. 08 02925 where a, = + 1.000000 

EU 222152 

Dp 24354 a, = + 1.999633 

14 5507 

.16 ‚4026 3. 16.679052 

.18 4215 

22 ‚4378 am j+ 3030662813 

2 tool 

24 ~ 4634 a 30.386285 

225 Saa 

228 4810 a 10.203269 

.30 | .4874 ) 

32 24923 

(34 . 4958 > 
. 36 "4952 1 Wetted surface = .34827 L 
.38 .4995 2.3 
240 .5000 | Volume la house. E 
42 ~4996 X 

44 .4985 LCB ET 57:557 
2439 .4966 L 
| 34942 Length viameter Ratio ES Í. i 
+930 . 4912 

252 .4876 Prismatic Coefficient = C_ = ,65 
‚54 | .4836 p 
. 56 24790 

258 04/37 

060 680 

20. AGO 

264 442 

, DÉI .1463 

.68 04373 

. 70 ‚4274 

NA 4163 

JA ‚4039 

.76 , 3901 

23 23727 

. 80 „3576 

32 . 3386 

84 =3175 

.36 .2940 

WE . 26823 

‚90 22397 

92 . 2081 

. 94 a722 

.96 .1334 

. 98 .0871 
12.00.10.0000 


en 


Reference (18) 
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TABLE A2-5 


Offsets for Form 4166 


Y /D 
0.0000 
514535 

. 2097 

. 2596 

. 3010 

. 3362 

. 3664 

3922 

Geet 

,4A327 

244983 

611 

. 4716 

‚4799 

14965 

‚4915 

‚4950 
‚4974 
. 4990 
. 4998 
. 5000 
.4998 
.4994 
. 1986 
.4978 
4968 
.4958 
.4945 
.4930 

‚4912 

‚4890 

‚4862 

4825 

‚4780 

4,23 

‚4651 

„4565 

.4460 

4333 

‚4185 

24010 

. 3807 

23306 

. 3004 

. 2663 

. 2280 

201953 

.1376 

. 0837 
0.0000 


FORMULA : 


2 2 3 4 5 6 
Y =a, Xta5X Math +a, X +a X +a X 





where a, = + 1.000000 

di at 3.462153 

ana 26.960996 

a 597 99/21 

s 56.48003 

DNE 10992157 
Wetted Surface = .36325 Hs 
Volume = 1.1219 x 10° L 
LOCE “x = 4781 
Length Diameter Ratio = L = 7 
Prismatic Coefficient = Go = ,70 


Reference (18) 
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graphically for the three candidates.  Cylindrical volumes 
of varying diameters were drawn inside the envelopes, the 
maximum lengths of these cylinders determined and the en- 
closed volumes in the cylinders calculated. The volume of 
the cylinder was then normalized by the total volume enclosed 
in the hull form. This fraction was plotted versus D/E. the 
maximum diameter of the pressure hull over the length of the 
form. Several data points were calculated for each form and 
then a least squares fit drawn through the points. These 
plots are presented in figures A 2 - 4, A2 - 5, and A 2 - 6 
for the three bodies. 

The largest pressure hull volume for a given 
envelope volume for the three forms are therefore as 


follows: 


+ D 
Form 4165 —P) Max = 0.56 @ P - 0.116 
KC L 
E D 
Form 4173 (2) Max = 0.58 @ x: - 0.12 
E 
+ D 
Form 4166 eS Max = 0.614 X= 0.126 
E L 


A comparison of envelope resistance on the basis 
of both the total envelope volume and the volume of an opti- 
mum cylindrical pressure hull enclosed in each form can now 


be made. These calculations were performed for envelope 
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FIGURE A2-4 uu versus D/L FOR SERIES 58 FORM 4165 
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FIGURE A2-5 vo Vg versus Dp/L FOR SERIES 58 FORM 4173 
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FIGURE A2-6 vg versus D/L FOR SERIES 58 FORM 4166 
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volumes of 5 Fi, 1.65 foe and 10 ie and for pressure hull 


volumes of 3 o 5 SCH and 7 FE? , at 3, 5 and 7 knots. 
The results are presented in Tables A 2 - 6 and 7. On the 
basis of equivalent envelope volume the Form 4165 is con- 
siderably better,as expected. When measured versus constant 
optimum pressure hull volume, however, the three form's 
resistances are nearly identical. Also the outside pres- 
sure hull diameters are all nearly equal and, therefore, 
no envelope form has an advantage over another for its 
ability to hold a large object inside the pressure hull. 
In the case of a sub optimum pressure hull size, the Form 
4165 still is better than the other two options. 

This analysis concludes that the best hull 
form from the Series 58 for the robot will be the Form 
4165. But, how does this compare with the torpedo shape? 

For the purpose of this comparison, the concept 
of the equivalent form was developed. This is a configura- 
tion of another hull form which has the same enclosed 
volume or cylindrical pressure hull volume as that of the 
first generation robot. Since these exact volumes of the 
first generation robot were not tabulated, they were esti- 
mated from the robot's characteristics and dimensions. The 


3 and the volume of a 


estimated envelope volume is 7.65 ft 
cylindrical pressure which could be accommodated is 5 pru 
A comparison of the two forms on this basis yields the 


results plotted in Figure A 2 - 7. 
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TABLE A2-6 


Resistance Comparison for Series 58 Forms 4165, 


4173, and 4166 on the Basis of Envelope Volume 


Model 


4165 
4173 
4166 


Model 


4165 
4173 
4166 


Model 


4165 
4173 
4166 


ONU 
7239 
7.64 


ZA 
90S 
omo 


le WS 
DIS 
EIS 


For Y = 


2143. 20.99 
MS A 
A O 


For V+ = 7 


S D 
D 
28.45 
28.36 
29 


12.08 
1.08 
m 


For Vr - 


S D 
p 

REESEN 
999 
23266 


po 
(ke 
BEEN 


Velocities in Knots 


Dimensions in Ft. 


IO ft 


5 £c? 


2. 
Zao 
SO 


65 fE 


A+ 
D 
4.28 
4.44 
4.6/ 


9 


SM 
D 
5.60 
5.80 
6.10 


T 
@ 3 
2537 
2.41 
2.48 


@ 3 


3.08 
os 13 
923 


@ 3 


3.64 
3.069 
3.50 


RT 


(à 5 
6.11 
6.20 
6.41 


@ 5 


jeu 
8.08 
8.36 


@ 5 


SEE 
9.53 
9.86 


Bare Hull Resistance in Pounds 


Ry 
@ 7 
11222 


11.60 
22.00 


@ 7 


14.87 
el 
15.63 


@ 7 


17.56 
295 
185.49 
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TABLE A2-7 


Resistance Comparison for Series 58 Forms 4165, 4173, 


and 4166 on the Basis 


of Pressure Hull Volume 


For ¥_ = 3 d 
p 
Model- L S D +. br Fr RT 
p 03 e5 Q7 
4165 282009072 A^ 2070555 37 2.47 6.38 11.92 
4173 III O 0.955. 022 2.47 6.37 11.92 
4166 7.60 20.97 0.96 4.92 2.45 6.34 11.88 
3 
| MEM 
For D Fe 
Maden L S D x Rp Fr RT 
p aa ES. AE 
4165 OESTE T3399. 73.39 8.75 16.37 
4173 MS ASAS 09 73.38 3.74 16.36 
4166 OA 2 O 42135538 .20— 3.36 8.71 16.33 
$ 
For % = 7 ft 
p 
Model L S D x Rp Rr RT 
p @3 @5 @ 7 
4165 NUNT 241250 4.17 10.78 20.18 
4173 lte 4.17 10:77 20.18 
4166 Boerse 11 48 4,14 10.74 20.14 
Velocities in Knots 
Dimensions in Ft. 
Bare Hull Resistance in Pounds 
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In Figure A 2 - 7, Curve 1 represents the 
estimated actual drag for the first generation robot. 

Point A is the estimated actual operating point for the 
original robot at a velocity of 2.2 knots or 3.71 feet per 
second. Curve two represents the predicted drag curve for 
the robot according to [14] where point B corresponds to 

the predicted operating point. Curves 3 and 4 refer to a 
Form 4165 of lengths 9.85 feet and 9.3 feet respectively. 
Appendage sizes with 7.5 per cent of the envelope surface 
area are assumed present in calculating these curves. This 
assumed appendage wetted surface is the same as that present 
in the tail controls of the original submarine. The form 
4165 of length 9.3 feet corresponds to an envelope with the 
same enclosed volume as that of the original submarine. The 
Form 4165 of length 9.85 feet corresponds to the size Form 
4165 which will carry the same volume cylindrical pressure 
hull as that which could be carried in the first generation 
submarine. The actual drag curve for the original submarine 
had to be estimated since only the actual operating speed of 
the submarine was available. The actual propeller RPM was 
not recorded. 

Figure A 2 ~ 7 shows a considerable drag reduction 
is predicted over the estimated actual operating curve for 
the original robot as well as over the predicted drag curve 
for the original robot. 


The only remaining questionable asset of the 
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RESISTANCE COMPARISON BETWEEN THE FIRST GENERATION 


ROBOT AND THE FORM 4165 EQUIVALENT FORMS 
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Form 4165 is its producibility. Should the Form 4165 in 

its pure form be employed, or should a 4165 form with a 
maximum diameter equal to De be used and the pressure hull 
surrounded with an easier to fabricate cylindrical shell? 
Reference [19] presents a formula to account for the addition 


to C. due to this cylindrical section. This correction is 
AC, due cylindrical midsection = .002 S. -.6) 
Using this correction, the resistance of a form 
with the same size cylindrical section as the original robot 
can be calculated, but with a Form 4165 nose and tail. For 
this body: 


D = 14.75 inches = 1.23 ft 


teen oOo inches = 4.21 ft 


L = 12.82 ft 


S = 40.8 ft 


een feo x E 


E p/ 
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Without continuing further, it is evident that the envelope 
volume is poorly used. Fitting the same hull dimensions 


into a pure Form 4165 yields an envelope with dimensions as 


follows: 


= 
tl 


11.4 ft 


OU 
lI 


63 fE 


The resistance of this form will be obviously less 
than the previous form's resistance. Further, to enclose the 
same volume pressure hull, but with more optimum dimensions 
in the pure Form 4165 requires a length of only 9.85 feet 
with a pressure hull diameter of 1.14 ft. 

The use of the pure Form 4165 is, therefore, 
chosen as the most suitable envelope. 

A2.1 Conclusions 

1. The Series 58 Form 4165 proves to be the 
best selection for the envelope form of those 
considered. 

2. The laminar flow hull forms offer the 
possibility of considerable drag reductions; 
however, it is very questionable whether the 
laminar boundary layer can be sustained in an 
Operational environment. 

3. Choice of the Form 4165 envelope will show 


significant drag reduction over the first 
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Generation robot's resistance. 
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APPENDIX III 
PROPULSION SYSTEM TRADE OFF STUDY 

The propulsion system consists of the propulsor, 
transmission and the prime mover. Since this system places 
the greatest power demands on the energy storage system, the 
overall propulsion system efficiency is very important to 
extending the range and endurance of the submarine. 

A3.1  Propulsor. 

For the propulsor selection three alternative con- 
figurations are considered. 

1.  Contra-rotating propellers 

2. Ducted propeller 

3. Conventional single screw propellers 

The first alternative, the contra-rotating pro- 
pellers, have advantages and are usually used in high power 
applications, especially where cavitation is a problem. A 
pair of contra-rotating propellers can be designed to be 
speed or torque balanced as discussed in [20]. In the 
torque balanced design the propellers may operate at differ- 
ent speeds, but will each operate with the same magnitude, 
but opposing torques. The pair are, therefore, torque 
balanced. 

This attribute is important for small vehicles 
which might roll considerably to counter any unbalanced 


torque. In the operation of the first generation robot, 
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this roll was approximately three degrees. The ability of a 
set of contra-rotating propellers to put high power into 
the water with reduced cavitation and for the propulsion sys- 
tem to be torque balanced are the main reasons torpedoes use 
contra-rotating propeller propulsors almost exclusively. 

An additional advantage of the contra-rotating 
propeller set is the improvement this propulsor can make in 
the propulsive coefficient as shown in [21] and [22]. An 
improvement of up to fifteen per cent in the propulSive co- 
efficient over that of a heavily loaded single screw propul- 
sor was reported by the use of the contra-rotating propeller 
set. This was, however, a specific case and these improve- 
ments are certainly not the rule. 

The contra-rotating configuration does have its 
faults as well as advantages, however. Perhaps the most 
Significant is the added complexity of the drive train re- 
quired to drive the two propellers in opposite directions 
about the same axis. This requires concentric shafts which 
have significant problems with shaft bearings and seals. 

The transmission for this set up can also be rather complex, 
but the use of an epicyclic gear train, as presented in [20] 
and [22] and depicted in Figure A3-1, driven by a single 
motor provides an efficient solution to the problem. The 
design of a pair of contra-rotating propellers presents 
another problem. Usually the two propellers differ in dia- 


meter, pitch, number of blades, as well as the obvious 
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FIGURE A3-1 
Contra-rotating Propellers Driven by a Single 


Motor Through a Set of Epicyclic Reduction Gears 
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direction of rotation. In part due to the complexities of 
flow associated with this propulsor and the variation of 
these conditions from application to application and the 
limited prior use of this propulsor, data for a standard 
series of contra-rotating propellers are not available. The 
design of a set of contra-rotating propellers for a specific 
application is usually, therefore, performed on a computer. 
Presently, however, in association with an effort to improve 
the propulsor efficiencies of merchant ships, some work is 
being done in this area. An additional drawback of the 
contra-rotating propeller set is the weight of the two pro- 
pellers located far astern. This may possibly cause some 
trim problems. 

These problems associated with the contra-rotating 
propulsor system outweigh the advantage which might amount 
to a five to ten percent improvement in propulsor efficiency. 
A significant technical risk would be accepted by selecting 
this alternative, however. This risk is felt to be especial 
ly pronounced in the area of the shaft seals. On these 
grounds the contra-rotating propeller set is therefore 
eliminated from further consideration. 

The second alternative is the ducted propeller 
System, which has three forms: 

1. Accelerating inflow or Kort nozzle 

2. Decelerating inflow or pump jet design 


3. Ring propeller 
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The third ducted configuration, the ring propeller, is dis- 
cussed in [24] and is the least suitable for the intended 
application. The viscous drag on the ring increases the 
swirl left in the wake by the propeller, thus reducing its 
efficiency and its inertia adds to the torque required to 
spin the screw. The first two configurations may be more 
suitable, and a great deal of study has been conducted in 
the Netherlands as documented in [23], [25], [261], [271], [28], 
[29] and [30] on these configurations. 

Reference [30] addresses the suitability of the 
ducted propeller design and concludes that these propulsors 
can improve propulsor efficiency for highly loaded screws 


with a value of: 


ee t 20 
[1/2] p Vy [m/4] D$. 


It is at this point that the gain in ideal efficien- 
| cy exceeds the losses due to the increased dragof the noz- 
zle. A direct comparison of the accelerating and decelerat- 
ing designs indicates the accelerating flow has a higher i- 
deal efficiency than the decelerating flow design. The de- 
celerating flow is most useful where cavitation is a problem 
since the nozzle increases the static pressure at the propel- 
ler plane. The robot vehicle does not, however, have a 


cavitation problem and, therefore, only the accelerating 
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inflow configuration will be considered further. 

Reference [31] lists some of the advantages of 
the accelerating inflow ducted propellor over Ree 
open screws as follows: 

l. Improved efficiency for highly loaded 

propellers. 

2. Smaller propeller sizes. (The ducted pro- 
peller is generally about fifteen per cent 
smaller than an optimum open screw.) 

3. Improved propulsor flow control. 

4. Better utilization of wake inflow. 

5. Improved propeller blade loading. 

6. Reduced propeller induced vibration. 

7. Possibility exists to use a steerable duct 
to control the vehicle. 

Reference [26] provides a series of propeller 
charts for the Kaplan screw series in a number 19A duct. 
These figures are reproduced in Figures A3-2 through 5. 
Figures A3-2 and A3-3 provide data for design of an optimum 
ducted propeller if the propeller RPM is specified and 
Figure A3-4 is employed if the propeller diameter is speci- 
fied. Figure A3-5 is the conventional propeller chart 
presentation for a Kaplan 3-65 screw in a 19A duct. 

The Kaplan series screws were designed specifically 
for use inside a duct. They have much larger tip areas than 


conventional propellers, and accordingly, can carry a greater 
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FIGURE A3-2 
Optimum Kaplan Propeller Series in Duct 194 
Selection with Propeller RPM Specified 


Using Propeller Torque 
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FIGURE A3-3 


Optimum Kaplan Propeller Series in Duct 19A 
Selection with Propeller RPM Specified 


Using Propeller Thrust 
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FIGURE A3-4 


Optimum Kaplan Propeller Series in Duct 19A 


Selection with Propeller Diameter Specified 
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FIGURE A3-5 


Propeller Chart for Ka 3 - 65 Screw 


19A 


Series in Nozzle No. 
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load in their outer radail than a conventional screw. The 
particulars of the Kaplan 3-65 screw are presented in Figure 
A3-6 and Tables A3-1 and A3-2. 

The 19A duct design was selected after a series 
of propeller tests as discussed in [26]. This design was 
determined to be the best of those tested. The profile of 
the 19-A duct, or nozzle, is shown in Figure A3-7. 

After studying the data in Figures A3-2 through 
A3-5 and applying data from a variety of the different hull 
configurations, it is evident the best selection for this 
purpose is the B 3-65 screw. Perhaps more ideally suited 
would be a three bladed screw with a smaller expanded area 
ratio; but this data is not available. 

Before uSing the previous figures to select a 
particular screw, first an estimate of the interaction be- 
tween the propeller and the hull must be made. This pro- 
peller hull interaction is determined by the two factors, 
"t", the thrust deduction coefficient, and "w", the wake 


fraction as defined below: 


(Cl are) ees 


ATA 


where: R Appended Hull Form Drag 


FH 
il 


Propeller Thrust 
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FIGURE A3-/ 


Profile of Nozzle Number 19A 


Reference (26) 





115 


VA = (l-w)V 
Where: V = Ship speed through the water 
Va = Propeller speed of advance 


These values may be determined either by model 
tests or are more commonly determined from past designs. 
Reference [32] presents data for a hull form similar to that 
selected for the proposed robot, which uses a ducted propel- 


ler. The values of the coefficients from [32] are as follows 


n 0912 


(l-w) = .823 


These values are used for all further calculations 
with ducted propellers. 

Using Figures A3-2 through A3-4 with the parameters 
for the particular envelope form and speed leads to selection 
of the best ducted propeller. In a configuration not limited 
by propeller diameter or speed, a maximum open water effi- 
ciency of 0.62 can be obtained. The parameter of interest 


is, however, the propulsive coefficient, PC. 


Where: PC = n. x n _ x m 
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_ l-t 
and ng A 
No — calculated propeller open water efficierry 
me relatative rotative efficiency 


assumed = 1.0 


Using this data a maximum PC of 0.69 may be achiew 
ed for the Ka 3-65 ducted propeller. During this calculation, 
however, the size or speed of the propeller may be consider- 
ed a limitation in which case the appropriate optimum design 
curves or the more general Figure A3-5 must be used. These 
conditions may yield a propulsive coefficient less than the 
0.69 value previously calculated. 

The optimum propulsive coefficient calculated for 
the Ka 3-65 in the 19A duct of 0.69 does not compare favor- 
ably with the predicted propulsive coefficient for the first 
generation robot of 0.82 [14]. Data obtained from a series 
of optimum ducted propeller calculations on various sized 
bodies at different operating speeds indicates the value of 
Ko for these designs varies from 1.27 to 1.28, which is less 
than the recommended value of 2.0, above which the ducted 
propeller is more suitable than the open propeller. Since 
the robot's operating conditions do not meet this condition, 
an open screw might be expected to be superior to the ducted 


one. 
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The ducted propeller does have advantaqes over the 
open screw as listed previously, however. One of the most 
important could be the presence of the duct itself which pro- 
tects the screw from becoming entangled on stray lines or 
sea weed.  Entanglement could stop the screw and entrap the 
vehicle, thus resulting in the loss of the robot. Also, the 
duct reduces propeller induced vibrations which might other- 
wise affect the quality of certain data collected. The 
ducted configuration also has the capability of using the 
duct for steering as is done with Alvin [3]. A ducted pro- 
peller used in this configuration would eliminate the need 
for control surfaces and their resultant drag. This confi- 
guration might also improve the control characteristics of 
the robot. These possibilities are evaluated further in 
this Appendix and in Appendix VI. 

The investigation proceeds, then, to consideration 
of standard open propellers. As pointed out in [14], open 
propellers with low area ratios and small numbers of blades 
yield the best performance in the robot vehicle's case. 

The propeller used on the first generation robot 
was a two-bladed torpedo design. In military submarine de- 
Sign, however, only odd number bladed propellers are used 
SO vibration will be reduced. When the propeller blade 
passes directly behind a control surface, the flow over the 
blade changes drastically, and so does the thrust, momentar- 


ily. Since the number of control surfaces is always even 
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usually 4), for hydrodynamic reasons, when an even number 
bladed propeller is used, these changes occur simultaneously 
on each blade. This effect can c reduced somewhat by using 
higher even numbered bladed propellers with larger area 
ratio. With an odd number bladed propeller, on the other 
hand, the blades do not pass behind the control surfaces 
simultaneously, and the effect is spread out and is, conse- 
quently, less noticeable. Since these vibrations might af- 
fect data collection, only three bladed screws will be con- 
sidered. 

Before selection of the best three bladed screw 
can be accomplished, the question of propeller hull inter- 
action for the open screw by specifying "t" and "w" must be 
addressed. Jackson [19], presents a formula which relates 


these parameters to the wetted surface as follows: 


Diameter Propeller 


Y Wetted Surface 


7E 304 


E 
I 

z, 
T 


Diameter Propeller 


Y Wetted Surface 


l - t = .632 + 2.44 


For the selected hull form, these equations can be 
modified to make them functions of the propeller diameter, 
maximum diameter ratio as follows: 

For 4165 envelope form with seven per cent addi- 


tional wetted surface for appendages: 
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> propeller 
D 


l-w NIIT 73 


X 


D 
.632 4 .586 Prope. ach 


(ER 


X 


From other sources, information regarding these 
parameters which were recorded from actual submarine designs 
was obtained. These data consists of four points relating 
l-t and l-w to the propeller diameter, maximum diameter ratio, 
A computer least squares fit routine was used to fit a second 
order curve through these points and yielded the following 


equations: 


D p 
li 99714 + 1.6 = - (5 
x x 
Dr ELT 
1-t + .4836 + 1.145 (ES) - .7496 (e) 
x xX 
D 
These equations are valid for .3 P $ o: 
x 


The results of both of these equations are pre- 
sented in Figure A3-8, along with the resulting hull effi- 
ciencies. The values for l-t and l-w calculated by the two 
equations differ by as much as nine per cent, but the hull 
efficiencies differ by a maximum of only three per cent. 


Since the relation derived from the alternate data is 





120 


FIGURE A3-8 
Comparison of l-t, l-w, and %,, as Calculated by 
Jackson's Formula and Formula Derived from 


Alternate Data 
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obtained from operating submarines, whereas the Jackson 
formula is a linear relation, the formula based on the alter- 
native data is used to define l-t and l-w. Additionally, 


looking at the plot of this curve, it is reasonable to extend 


D 
the applicable region to S less than 0.7. 
x 


Reference [33] outlines a method for determining 
the optimum propeller from the B series. This method is 
Summarized in Table A3-3 and the curves for the B 3-45 pro- 
peller are presented in Figures A3-9 and A3-10. Additionally, 
the data from these curves is tabulated for Reynold's num- 
bers 2 x 10° and 2 x On in Tables A3-4, A3-5, A3-6 and A3-7. 
Reference [14] presents an alternate three bladed propeller 
of the highly skewed destroyer variety which was considered 
for use on the first generation robot. Matching the drag 
curves of a series of different suitably sized vehicles with 
the performance of this second screw, an open water propeller 
efficiency of only about sixty-seven per cent is obtained; 
whereas, propeller selections for the same bodies from the 
data in [33] yields open water efficiencies of about 0.7, 


D 
using a ae = 0.7. This open water propeller efficiency re- 
x 


sults in a PC of 0.805, assuming ye ie OF 

Thus, the B 3.45 series screw will operate with a 
PC approximately equal to 0.8 and the KA 3-60 series ina 
19A duct with an approximate PC = 0.69. These values may 
vary slightly for individual designs; but since they corres- 


pond to best values calculated for the same body at the same 
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TABLE A3-3 


USE OF OPTIMUM B 3-45 SCREW SELECTION DATA 


K ODL R 


AA 
2 2 2 2 
J V^ (1-w) Dort) 
2 
Kr y 23 Rr n 
ei SEET 


2 2 
MESE AA J“ + (0.75 ) 
U 0.273724 x 10° ou uer ^o 
Z J 


jo l-w) x 35.58 
N D 
pr 


V - knots, D - feet 
pr 


PROCEEDURE 


I. If Propeller RPM is specified. 

a. Compute V K4/ Ke 

b. Assume a Value for Re 

C. Use Figure A3-8 or Tables A3-4 and A3-5 
using linear interpolation for Re. 

d. Determine J and Dor from the data 

e. Compute Re using the formula above 

f. Determine J and Dor from the Table with 
the new value of Re. 

g. Continue this process until the solution 


converges. 
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TABLE A3-3 contd. 


If the Propeller Diameter is Specified. 

ae Compute VK. / J* 

b. Assume a value of Re. 

C. Use Figure A3-9 or Tables A3-4 and A3-5 
with linear interpolation for Re. 

d. Determine J and RPM. 

e. Compute Re from the above Formula 

f. Use the figure or tables to obtain 
new values for J and RPM. 

g. Continue the process until the solution 


converges. 
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FIGURE A3-9 PROPELLER OPTIMIZATION CURVES FOR B 3-45 PROPELLER 
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TABLE A3-4 


TABULATED DATA OF P/D, J, AND PROPELLER EFFICIENCY 


VERSUS E. OR SEN FOR OPTIMUM DIAMETER 


OF B 3.45 SCREW SERIES AT A REYNOLD'S NUMBER 


OF 2 x hor IRERRORERPERZREN TS SEEREFTED 


Mali 


Ke, oi 


3.0953 
2.5634 
2.1660 
1.8596 
1.6173 
1.4225 
1.2624 
1.1296 
1.0174 
0,9224 
0.8404 
0.7696 
0.7080 
0.6540 
0.6064 
0.5645 
0.5274 
0.4945 
0.4654 
0.4397 
0.4170 
023973 
0.3801 
0.3655 
0.3536 
0.3442 
0.3377 
0.3342 


P/D 


0.600 
0.625 
0.650 
0.675 
0.700 
0.725 
0.750 
0.775 
0.800 
0.825 
(50 
07845 
0.900 
07925 
0.950 
Oe 
1.000 
1.025 
1050 
Lor 
12109 
10125 
15150 
J: 175 
1.200 
1205 
J. 250 
1.275 


1 / J 


DOMO 
24002 
2.4608 
2.2836 
2.1 25 
2.0030 
1.8894 
1 SS 
1.7006 
1.6211 
1.5493 
1.4843 
1.4252 
or al 
1.216 
1.2760 
1.2341 
1.195) 
1.1596 
1.1266 
1.0962 
1066s 
1.0428 
I 
0.990957 
0.9801 
0.9643 
DEA 


Reference (33) 
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IE 
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OI 
Se Il 
.0786 
. 9896 
T9151 
ES 
MID 
. 7504 
. 7088 
.6720 
25991 
.6095 
2009 
19900 
. 5368 
. 2168 
,4987 
‚4821 
4670 
u, 
‚4410 
‚4300 
‚4202 
‚all/ 
‚4047 
3990 
m 
19929 
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TABLE A3-5 


TABULATED DATA OF P/D, J, AND PROPELLER EFFICIENCY 


VERSUS KA, OR Kai FOR OPTIMUM DIAMETER 


OF B 3.45 SCREW SERIES AT A REYNOLD'S NUMBER 


OF 2 x 107 TL PPOPELLER RPM IS SPECIFIED 


2 4 
Ko /3 


2.4361 
2.0479 
e 7/515 
155139 
53325 
1305 
1,0543 
0.9482 
0.8580 
0:7805 
077135 
0.6550 
816057 
055584 
0.5182 
0.4826 
0.4507 
0.4223 
0.3968 
1053741 
0.3539 
0.3359 
05200 
0.3062 
0,2944 
0.2848 
2.2773 
022722 
0727/01 


P / D 


0.600 
09625 
0650 
0.673 
0700 
02725 
0.750 
rn 
0.800 
0.525 
0.550 
0.875 
0.900 
07925 
0.950 
0.975 
1.000 
12025 
1.050 
122075 
1.100 
1125 
1.150 
ele 
1.200 
2.5 
12250 
ae 
1.300 


ie 


2.6634 
2.4480 
EEN 
2 NETS 
193702 
223739 
1.7742 
D6339 
1.6061 
1233123 
1.4697 
1,4105 
1.050) 
1.3066 
152907 
l 21065 
I: 1790 
1,1425 
1.1086 
j 0771 
1.0478 
19.02.05 
SA 
09022 
0.950 
0. 17 
ETT 
0.9000 
0.8881 


Reference (33) 
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.6115 
.6320 
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. 7501 
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NS 
. /639 
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O 
227061 
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. 7801 
us o 
‚7831 
‚7842 
EU) 
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Sa 
EID 
7396 
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15751 
SV, 
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. 5081 
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,5707 
‚4542 
‚4390 
ma oll 
‚4123 
‚4007 
. 3900 
. 3804 
"719 
. 3645 
398) 
, 3534 
223501 
‚3487 
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FIGURE A3-10 PROPELLER OPTIMIZATION CURVES FOR B 3-45 PROPELLER 


WITH PROPELLER DIAMETER SPECIFIED 
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TABLE A3-6 


TABULATED DATA OF P/D, J, AND PROPELLER EFFICIENCY 


VERSUS E OR SEN FOR OPTIMUM RPM 


OF B 3.45 SCREW SERIES AT A REYNOLD'S NUMBER 


OF 2 x 10 LIF PROPELLER DIAMETER IS SPECIFIED 


Re. 


27917 
2,1030 
16932 
ie 42] 2 
152.2 72 
1.0819 
09689 
03784 
0.8043 
0. 7427 
0.6905 
0.6459 
0.6074 
025739 
0.5446 
05189 
0.4963 
0.4765 
0.4594 
0.4445 
0.4321 
0.4219 
0.4142 
0,4091 
0.4070 


— ———— ——— — c OCO OU OCO OC OC OPC OCO U COPOPOO PY 


/ D 


ERR 
025 
.650 
2075 
100 
2/25 
250 
WAY > 
. 800 
32) 
N90 
.875 
. 900 
2225 
"50 
os 
. 000 
. 025 
, 050 
. 
.100 
ee 
150 
ADS 
. 200 


E 


— — — — — — — — — — — — — — — = RD PO PO DO PO OQ 


EE 


.4241 
22002 
20579 
. 3804 
.9514 
26:909 
. 3807 
.1807 
.0167 
.8/98 
. 7635 
.6636 
301 
.>005 
4331 
219593 
198 
ES 
(2299 
219059 
DEOS 
232 
10955 
. 0756 
. 0568 


Reference (33) 


CO CO CO COGO CO COGO CO CO CO C CO CO G C GO GO C C (D Co p 


No 


. 2495 
. 3148 
TT, 
.4210 
. 4638 
. 5009 
25990 
25010 


9992. 
6063 


‚6247 
.6407 
‚6546 
‚6668 
.6//4 
.6866 
.6946 
OTO 
a075 
„728 
. 7169 
. 7204 
172930 
‚7248 
7256 


Mali 


EES 


EE 
.2228 
205205 


. 9348 


aa 


. 7809 
./ 276 


. 6840 
.6476 
.6169 
. 5904 
.5674 
. 35473 
3295 
>38 
‚4998 
.487/4 
‚4/64 
. 4668 
‚4583 
‚4512 
. 4453 
. 4408 
‚43/8 
. 4366 
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TABLE A3-7 


TABULATED DATA OF P/D, J, AND PROPELLER EFFICIENCY 


VERSUS Eu, OR kg/J^, FOR OPTIMUM RPM 


OF B 3.45 SCREW SERIES AT A REYNOLD'S NUMBER 


CE 110! 
Ke. o? P/D 
1.8962 0.600 
05356 0.625 
1.2939 0.650 
120 0.675 
0.9897 0.700 
0.8876 NDS 
0.8057 J °D) 
0.7382 SC 
0.6818 0.800 
6340 0.825 
0.5928 0.850 
0.5570 0.875 
0.5256 0.900 
0.4979 0.925 
4733 0.950 
0.4513 0.975 
0.4318 1.000 
TAS 205 
0.3987 1.050 
0.3848 205 
0.3727 1.100 
0.3623 OS 
0.3537 1.150 
0.3469 IUS 
3424 1.200 
0.3407 UPS 


TS) 


a. 5958 
SPA 
3.2208 
22 
29230 
2.2954 
2.1083 
1.9541 
mar 
1.7145 
Jol i 
1.555 
1.4622 
19209 
1.3384 
Jo 
IS 
1.1944 
1.1549 
IDE 
1.0860 
120563 
1.0294 
179055 
0.9848 
( 6077 


Reference (33) 


CGO CGO C C: C5 C: GD C: CO C CD D C CO C G G CO CS C 5 ana 
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‚3541 
.#139 
. 4653 
25093 
2471 
» 2/96 
150755 
209005 
205755 
.6704 
1555] 
"6906 
mE» 
mur 
SEI 
211995 
. 7453 
21512 
. 7564 
. 7608 
. 7646 
Oe 
. 7704 
. 1724 
02295 
‚7743 


TF EFROFELCTER DIAMETER TSTSPECIFIED 


Vu" 


1.1 075 
0. 0758 
025099 
0,7914 
0.7306 
0.656520 
0.6422 
0.6087 
915305 
O 5555 
0.5343 
0,5154 
0.4986 
0,4836 
0.4700 
0.4577 
0.4467 
0.4367 
0.4276 
0.4195 
0.4124 
0.4061 
0.4009 
0.965 
0.3941 
073930 
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velocity, specifically the equivalent envelope volume form 
presented in Appendix II, they give a good comparison of the 
two alternative's performance. 

Considering both of these configurations to drive 
the same body, the open propeller seems the obvious choice; 
but the ducted propeller may be used to control as well as 
propell the vehicle, and accordingly, no conventional control 
surfaces are needed. In the ducted steerable configuration, 
an appendage fraction of only four per cent is needed, versus 
the thirteen per cent of body wetted surface area for all the 
appendages as used on the first generation robot. The in- 
crease in drag factor for the steerable duct design due to 
appendages is 1.092 versus 1.309 for the open propeller de- 
Sign. Assuming a body with bare hull resistance, "R" is to 
be propelled by either of the propulsors, the following com- 
parison is developed: 


For the B 3-45 series screw: 


EE 1.195 R. 
1.309 R V 1.636 R_V 
SHP. - eae T ouk. 
B 550 PC 550 


Where 1.309 is the increase in resistance due 
to appendage drag. 


For the Ka 3-60 screw in a 19A Duct: 
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Roa = 1.092 Rn 
1.092 R_V 1.583 R V 
D 550 PC 550 


Comparing the two calculations: 





In this situation, the ducted propeller requires 
three per cent less shaft horsepower than the B 3.45 screw 
powered model. By eliminating the forward diving planes on 
the B screw series driven vehicle, the appendages then con- 
stitute only 7.5 per cent of the bare hull wetted surface 
on the B screw series powered vehicle; and performing the 
same analysis as before, the B series propulsor requires 
eight per cent less power than the ducted propeller. 

The previous analysis assumes the transmission 
efficiencies of the two configurations are the same which 
may not be exactly correct, since the ducted propeller re- 
quires a universal in the drive train which will reduce the 
drive train's efficiency. The interesting aspect of this 
analysis is the favorable power requirement comparison 
between the B 3-45 screw and the steerable ducted propeller. 

The propulsor selection then comes down to two 


questions. First, can the front fins be eliminated in the 
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conventional control configuration, and secondly, is the con- 
cept of the steerable ducted propeller feasible in this situa- 
tion? These questions are investigated in Appendix VI. The 
outcome of that analysis will determine the better propulsor. 

A3.2 Prime mover and transmission. 

The transmission and drive train will be consi- 
dered as one group, since they are so closely related. Two 
configurations will be investigated. The first is the pres- 
sure vessel contained motor and reduction gear of the type 
presented in [14] and used in the original robot. The second 
is the pressure compensated motor and attached reduction gear 
set of the type manufactured by the Hoover Electric Company. 

The pressure compensated motor does not require a 
pressure hull, since the motor operates in a bath of isolat- 
ing dielectric oil at the local pressure. The reduction gear 
is attached to the motor housing and the whole motor and 
transmission comes as one unit. 

The pressure compensated motor has the following 
advantages and disadvantages: 

Advantages of the Pressure Compensated Propulsion 

Motor: 

l. The heavy pressure housing is not required. 

This becomes increasingly important as the 
operating depth increases. 

2. The motor compartment cannot be flooded, 


which could result in sinking of the vehicle. 
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3. These motors are widely used in present 
submersibles. 

4. If the design operating depth of the sub- 
mersible changes in the future, very little 
modification of the propulsion motor housing 
is required. 

Disadvantages of the Pressure Compensated Propul- 

sion Motor. 

l. These motors are available only as special 
order items. They are manufactured from 
stock and other components to specification. 
Accordingly, they are very costly in compari- 
son to other motors. 

2. Previous D. C. motor designs have operated at 
from 24 to 325 volts. This effectively 
requires the energy storage system to be 
at least a 24 volt system. 

A typical efficiency curve for the pressure com- 

pensated motor is presented in Figure A3-ll. 

The pressure housed configuration, on the other 
hand, offers more flexibility in the selection of the motor 
and reduction gear, but requires a pressure houSing which 
could partially flood if the shaft seal leaked. For this 
reason, the pressure housing should be kept as small as 
possible to reduce the volume which could become flooded. 


The reduction gear set for this alternative does 
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FIGURE A3-11 
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not have to be an exotic epicyclic gear drive because the 
power is very low and, therefore, the weight and size of the 
gears is not very significant. 

The motor efficiency curve from [14] is presented 
in Figure A3-12. Comparing Figures A3-11: and A3-12 perform- 
ance curves shows the pressure compensated motor to be sub- 
stantially better than the MIT robot's motor. 

From a purely engineering viewpoint, the pressure 
compensated motor and reduction gear is the obvious selection; 
however, if the availability and cost of this alternative are 
considered, its selection becomes somewhat tenuous. The ac- 
quisition of this motor might, however, prove cost effective 
in the long run, since it would be usable in variations of 
the vehicles with little modification as operating depths 
increase. 

Another more obvious choice for the prime mover 
and transmission is the prime mover and reduction gears used 
on the first generation robot, since the power output is in 
the right range, the unit is usable on a 12 volt system, and 
the unit is available and performance known. These last 
factors eliminate the need for acquisition, building, and 
testing of a new system. 

As mentioned earlier though, the performance of 
the MIT robot's motor is not too good, but the motor was the 
only motor readily available designed to operate on 12 volts. 


Motors designed to operate at higher voltages generally are 





136 


SG1-La ‘HNOYOL (yI) Sousa Joy 
OC’ Oc" ol 0 


E uL 000c 


OS 00Sc 


OT LUE OI 
ee P 000€ 


dH 


SI dV jd CT: 


09 OOSE 


YOLOW NOITSTNdOdd LOOX NOILVAANAD ISATA JOA SAAANO AONVHAOAJHA ZI-EV AANDIA 





137 


smaller and lighter than those designed to operate at lower 
voltages, which is certainly a weight advantage; but this 
also places a constraint on the voltage of the energy stor- 
age system. 

A selection of the motor must be made after study- 
ing the energy storage system and determining the trade off 
there between voltage and size. This study is undertaken in 
Appendix IV. 

A3.3 Conclusions 

1. Contra-rotating propellers offer the possibil- 
ity of improving the propulsive coefficient and operation as 
a torque balanced pair, but drive train complexities render 
it a risky selection for this intended use. 

2. A Ka 3-65 propeller operating in a 19A nozzle, 
if used in a steerable duct configuration with no additional 
control surfaces, will operate with lower power output than 
the B 3.45 open screw with tail and nose diving planes. 
However, if the nose diving planes can be eliminated, the 
B 3.45 screw operates with lower power output than the 
Steerable duct configuration. 

3. From a purely engineering consideration, a 
pressure compensated propulsion motor is the superior choice 
Over a pressure housed model, but cost considerations and 


its limited availability act to its detriment. 
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APPENDIX IV 
ENERGY STORAGE SYSTEM TRADE OFF STUDY 
The energy storage system consists of the energy 
storage units and the power distribution system. The pri- 
mary energy storage unit in the original MIT robot consists 
of an automobile storage battery designed to operate immersed 
in water. The distribution system is made up of a series of 
voltage regulators which provide the required voltages for 
the various installed equipments. 
Of all the systems onboard the robot, the energy 
storage system has the greatest impact on size and weight. 
In a vehicle of the type considered, the energy storage unit 
is often the single largest and heaviest piece of equipment 
onboard. In the first generation robot, the battery account- 
ed for about twenty-five per cent of the total vehicle 
weight. Accordingly, the energy storage system can dictate 
the envelope diameter and, in turn, the overall vehicle size. 
The primary energy storage unit should have the 
following attributes: 
1. High energy density, both in terms of energy 
per unit volume and per unit weight. 
2. Size of the unit should be compatible with, 
but not dictate, vehicle size, if possible. 
3. The output characteristics of the device must 
be compatible with the characteristics of the 


propulsion system. 
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For example, if the propulsion motor is a 
24 volt design, the primary voltage supply 
should be at least 24 volts. 

4. The unit must be capable of operating in the 

required environment, either enclosed in a 
pressure housing or immersed in water. 

5. The unit must provide sufficient power to 

meet endurance requirements. 

The energy storage unit must be able to supply 
energy in the form of electrical power to the onboard elec- 
tronics. For main propulsion, however, the prime mover need 
not be an electric motor; it could be any one of a variety 
of thermodynamic cycles designed to power underwater vehicles 
as described in [34]. For the robot, though, electrical pro- 
pulsion is the only satisfactory solution, mainly because of 
the vehicle's size and operating characteristics, which place 
unrealistic constraints on the size of any thermodynamic 
system. Additionally, the thermodynamic systems involve dis- 
charge of mass into the water, which places a compensation 
requirement on the vehicle to make up for the lost weight of 
the exhaust to remain near neutral buoyancy. 

Many electrical power sources are available, such 
as radioactive isotope decay heat power supplies and fuel 
cells as proposed for robot use in [10]. The most readily 
available and best suited power source for this application, 


however, is the electrochemical storage battery. 
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Batteries are available as primary or secondary 
types. A primary battery is a design which is used only 
once and can not be recharged. A variation of the primary 
battery is the reserve battery, which can be reused after 
the electrolyte is replenished. The secondary battery, on 
the other hand, can be discharged and recharged repeatedly, 
depending on the operating requirements and battery design. 

The primary battery can offer a weight advantage, 
since it can be nearly completely discharged during a mis- 
sion, thus obtaining nearly the maximum capability out of 
the unit. This practice would damage a secondary battery, 
which is rarely designed to be fully discharged repeatedly. 
After the mission, however, the primary battery must be 
replaced, since it cannot be recharged. 

The secondary battery can be repeatedly charged 
and discharged, the exact number of times is dependent on 
the depth of discharge, type of battery, and battery design. 
The depth of discharge is limited, since repeated full dis- 
charging will quickly destroy the battery's ability to hold 
a charge. Usually, the limit of discharge is thirty to 
fifty per cent of rated capacity remaining. The batteries 
must be specifically designed to be repeatedly discharged. 
Accordingly, the common automobile battery, which is de- 
Signed to provide a short high burst of power for starting 
the motor, is not suited for continual deep discharge. 


Table A4-1 provides characteristics of candidate 
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battery systems for comparison. The wide discrepancy between 
the theoritical energy density and the actual energy density 
is due to inefficiencies in the actual designs such as 

weight of the case, voids in the reactant materials, etc. 
Presently, the state of the art of the design of the con- 
ventional storage batteries is far enough advanced that im- 
provements in present designs will not yield more than a 30 
per cent improvement in energy densities [34]. 

Of the battery types listed in Table A4-1, the 
lithium chloride battery has the most attractive features. 
The U. S. Navy is currently sponsoring work being conducted 
with this battery for use as an underwater vehicle power 
source [35]. The results to date seem very encouraging, 
however, the battery is still under development and is not 
yet commercially available in the size required for the 
robot. 

The Zinc-Air (Oxygen) battery is also very attrac- 
tive, though the figures shown will be reduced substantially 
if the weight of the required oxygen tankage is added to the 
weight of the basic cell. This cell generally has a high 
energy density, but the power densities are limited. Power 
densities can be improved by forcing the flow of air, or 
oxygen, through the battery. The amount of oxygen used by 
this cell is estimated at five to nine cubic feet at STP 
per kilowatt hour. 


The reactions involved in the Zinc-Air cell are 
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as follows [36]: 


(Oxidation Reaction) 
g^ Zt we 0, > Zn Q 


(Cathode Reactions) 
l = 
2i / 5 O, + 2e ^ Oz 


0 = + H Or 20H  (HOOH) 


(Anode Reactions) 
4. Zn + 20H > Zn (OH), + 2e 


5. Zn + 20H > ZnO + Hoc 


(Side Reactions) 


6. Zn + 2KOH > K,Zn0, + H„t 


7. ZnO + 2KOH > K,2n0, + H,O 

Equation six is a potential problem, since the 
evolution of hydrogen could prevent oxygen, in the closed 
system, from entering the cell to react. This side reaction 
is, however, easily supressed by choice of plate material. 
The cell may then be run in a closed environment on oxygen 
or air with an oxygen supply to replace oxygen used in the 
reaction. 

Several configurations of this cell have been 
proposed, including an encapsulated pressurized system where 


the battery is contained in a pressure shell with oxygen at 
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1000 psi [37]. As the cell is discharged, the oxygen is 
used up and the pressure in the shell drops. After dis- 
charge, the battery can be recharged and the oxygen pres- 
sure restored. This cell was predicted to have an energy 
density of 60 Whr/lb. The development of this cell, how- 
ever, is not complete. 

Several configurations of Zinc-Air batteries, 
such as those presented in [38] were studied, but a design 
could not be located which met the vehicle's requirements. 

The oxygen supply for this battery also posed a 
considerable problem, since the weight of the tankage re- 
quired is considerable, even for a small battery. In this 
respect, much like the fuel cell, the advantage of the Zinc- 
Air cell cannot be realized until the endurance is suffi- 
ciently long that the support equipment weight becomes less 
significant when compared with the fuel. 

Due to the lack of a presently available Zinc-Air 
battery to meet the needs of the robot and the oxygen supply 
problems, the Zinc-Air (oxygen) battery is considered an 
unsuitable choice for the vehicle and is eliminated from 
further consideration. 

Of the remaining alternatives listed in Table 
A4-1, the silver-zinc and lead-acid batteries have seen the 
most use in submersible ocean vehicles. The efficiency of 
the silver-zinc cell reactions are inherently greater than 


that of the lead-acid cell. Accordingly, silver-zinc cells 
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have been built with energy densities four times as high 

as those of lead-acid designs. Both of these cells can be 
modified to operate either in the pressure compensated con- 
figuration, where the electrolyte is exposed to the local 
external pressure, or enclosed in a pressure vessel. As 
pointed out in [39], the compensated configuration is ad- 
vantageous at great operating depths, but for the shallow 
operation intended for this design, the pressure housed 
design is a lighter weight alternative. This becomes es- 
pecially true when the weight of the compensation equipment 
and battery support structure is added in. In the second 
generation robot design, only pressure housed batteries will 
be considered. 

The silver-zinc cells have been used in many sub- 
merged ocean vehicles as listed in [40]. They are used 
especially in small vehicles such as torpedoes, the UARS [8] 
and the OSR [9], where the battery weight and size has such 
an important impact on the vehicle size. Table A4-2 lists 
the characteristics of several silver-zinc cells, modules, 
and batteries which are available commercially. As the list 
shows, the designer has a great deal of flexibility in his 
choice of configurations for the energy storage unit using 
these cells. 

The silver-zinc cells do have some drawbacks, 
however. The first is their tendency to generate hydrogen 


on charge and discharge. This is more pronounced on charging 
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and the hydroqen produced on discharqe can be contained in 
an enclosure to prevent its spread. Another problem is also 
associated with battery charging. The charging of each cell 
is done with a constant current until the prescribed voltage 
is achieved. This current must be controlled for each cell 
so they all end with the same charge. This process is con- 
trolled in large cells by circuits built into the battery. 
Also during the charging process, the cell voltage changes 
sharply as the chemical reactions change. The first voltage 
rise occurs at about twenty per cent of full charge, and the 
Second occurs at full charge when the voltage rises rapidly 
to 2.0 volts. This second voltage rise is useful in signal- 
ing completion of charging to an automatic charging device. 

Another drawback is the cost of silver-zinc 
batteries, which is at least three times that of lead-acid 
batteries. The silver-zinc cell is also only good for 80 - 
100 charge - discharge cycles, versus the lead-acid, which 
is good for about 300 cycles for the deep discharge designs 
being considered. 

Another cell which is considered is the silver- 
cadmium cell, which has many of the characteristics of the 
silver-zinc, but does not have as high an energy density. 
They will, however, last for more cycles than the silver- 
zinc batteries. Physical characteristics of suitable pro- 
duction silver-cadmium cells are given in Table A4-3. 


The nickel-cadmium cell is also considered. It, 
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however, does not offer a significant improvement in energy 
density over the lead-acid cell and is considerably more ex- 
pensive. These cells can be completely sealed and, therefore, 
evolve no gasses. Generally, the nickel-cadmium cell designs 
are small and intended for portable equipment; as such, they 
may prove to be a perfect back up emergency battery. Details 
of some commercially available nickel cadmium cells are pre- 
sented in Table A4-4. 

The last type of battery considered is also the one 
which has seen the widest usage, the lead-acid battery. 
The most familiar form of lead-acid cell is the standard 
car battery. However, if this cell is deep discharged, it 
will only last about 25 cycles; whereas, a battery designed 
for deep discharge can last up to 1,000 cycles. Until rather 
recently, though, the majority of deep discharge cells avail- 
able were heavy duty models designed as batteries for elec- 
tric driven vehicles or for energy storage systems. These 
batteries are exactly as the description indicates: heavy, 
due mainly to the battery case. Recently, several deep dis- 
charge batteries have been developed for use with electric 
trolling motors and on pleasure boats without generator 
plants. Available configurations of these cells are listed 
in Table A4-5. These types use the new lightweight cases so 
common in automobile batteries. They also produce hydrogen 
on charge and discharge, however, and are designed to operate 


in an upright position. 
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Another tvpe lead-acid battery has been developed 
by the Gates Energy Systems Corporation, which is sealed so 
it is completely maintenance free, and designed to be com- 
pletely discharged without damage. These cells are available 
only in small sizes intended for use in portable equipment 
and are not competitive in energy density with the non 
sealed deep discharge cells mentioned previously. For exam- 
ple, sufficient cells to match the 81 AH deep discharge 
battery which weighs about 50 lbs would weigh 80 lbs. and 
occupy twice the volume of the deep discharge model. The 
sealed lead-acid cell is, however, an excellent candidate 
for an emergency battery. Available configurations are 
listed in Table A 4-6. 

Of the batteries considered, the silver-zinc 
designs are clearly the most attractive because of their 
high energy density. They are also available in leakproof 
spillproof containers which can operate in almost any 
attitude except completely inverted. These cells are also 
available in sizes which give the designer considerable 
flexibility in choosing system voltage and overall confi- 
guration. 

The lead-acid deep discharge batteries, on the 
Other hand, are available only in six or twelve volts models. 
The larger sizes of these batteries give the highest energy 
densities, but also require larger pressure hull diameters. 


These batteries also are designed to be operated 
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in an upright position which limits the pitch angle the 
submarine can assume during its transits to and from the 
bottom. 

TO get a feel for the effect of the battery on 
the overall vehicle, two battery configurations were inves- 
tigated using the techniques described in Appendix X. A 
pressure hull volume of 2000 in? was assumed required to 
carry all the electronics and the required battery volume 
Euwadded to this value. The 81 AH 12 volt deep discharge 
battery was compared with a combination of silver-zinc 
cells with a 96 AH rating. The characteristics of the deep 


discharge battery equipped vehicle were as follows: 


I.D. shell = 12.0 inches 

LRAT = 12.0 inches 

E = 30.0 inches 

L = 9.0 feet 

D. = 15.43 inches 


The silver-zinc equipped vehicle has the following 


characteristics: 
I.D. shell = 8.071 inches 
Laat = 8.0 inches 
L, = 30.0 inches 
L = 7.5 feet 
D. = 12.86 inches 


Tf the two configurations are compared at speeds 


through the water of three knots with no auxilliary load, 
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the lead-acid configuration will have an endurance of 6.8 
hours versus the 12 hour endurance of the silver-zinc con- 
figuration, and both have the same dry payload capability. 

This analysis shows the impact of the lead-acid 
battery on the vehicle. Choice of a lead-acid battery 
forces the vehicle's size and the result is a vehicle which 
basically carries around a large battery. 

The silver-zinc battery offers the designer con- 
siderably more flexibility, and the battery becomes another 
part of the design, rather than the controlling element. In 
a larger vehicle designed to carry more payload this advan- 
tage might not be so pronounced, depending on the configura- 
tion; but in a small weight limited vehicle, as considered 
here, the choice of the higher energy density battery offers 
a tremendous savings in space and weight devoted to the 
energy storage unit. 

A4.1 Conclusions. 

1. The energy storage unit has the biggest impact 
on the overall design of any of the submarine's systems. 

2. The high energy density and compact size of 
Silver-zinc cells make them very attractive for use in a 
vehicle the size of the robot submarine. These advantages 
overwhelm the Peat acest 

3. Deep discharge lead-acid batteries are too 
big and have too low energy densities for this design. They 


consequently impact the overall design tremendously. 
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4. The ideal battery for the robot submarine is 
not yet available. The battery plays, perhaps, the biggest 
role of any system outside the computer, in the design. 
Research is continuing in this area which could yield a much 
more suitable battery. The Lithium-chloride battery [35] 
has probably the greatest potential of any system under study 
today. When and if these cells become commercially available 
in the required size, they could provide a means to vastly 
improve the robot's capability with very little, if any, 


additional impact. 
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APPENDIX V 


PRESSURE HULLS CONFIGURATION TRADE OFF STUDY 


A5.0 

The pressure hulls are considered those enclosures 
within the envelope which house equipment operating at normal 
atmospheric pressure. These pressure hulls must have the fol- 
lowing characteristics: 

l. Be able to operate at a maximum depth of 1000 


feet in sea water. 


2. The hull shall be able to withstand collapse to 
1500 feet. 


3. Pressure hulls should be manufactured of a non- 
magnetic material to reduce magnetic compass 


interference. 


4. Mechanical linkage penetrations through large 
pressure hulls should be eliminated to reduce 


chances of flooding. 


5. Access must be provided to facilitate maintenance 


on the enclosed equipment. 

The most efficient shape for a pressure hull is 
spherical since a sphere encloses the most volume with the 
least surface area. This surface area, in turn, translates 
into hull weight. The sphere also is perfectly symetrical 
which helps the hull withstand a very large external pressure. 
For these reasons, spherical pressure hulls are used almost 


exclusively for very deep submergence vehicles where pressure 
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hull weight is very critical, and external pressures are enor- 
mous. The sphere with a length to diameter ratio of one is 
not very compatable with an envelope form which has a length 
to diameter ratio of seven, however. A single spherical pres- 
sure hull obviously will not very effectively fill an envelope 
of this sort and a great deal of wasted volume will result be- 
tween if multiple spherical hulls are used. The alternative 
is the cylindrical pressure hull forms used in most military 
submarines today. With this configuration, the pressure hull 
also forms the primary structural member of the vehicle. 

The lst generation robot employed a series of unstiffened 
cylindrical pressure hulls constructed of PVC tubing. This 
was an excellent solution to that design problem since the 
material was readily available and easy to work with. However, 
a volume is more efficiently enclosed by a single pressure 
volume with a larger diameter. PVC pipe will not, however, be 
able to withstand the stresses present in a larger diameter 
hull at the 1000 foot operating depth. An alternative mater- 
ial is, therefore, required for this application. 

The best material choice seems to be aluminum which is 
light weight, corrosion resistant, easy to work, and available. 
[41] lists the characteristics of the types of aluminum used 
in the marine industry today. One type is 6061-T6 which the 
Aluminum Company of America uses to manufacture seamless ex- 
truded pipe up to twelve inches in diameter. A summary of the 


available sizes of this pipe and their characteristics is con- 
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tained in table A5-1. These products are well suited to form 
the shell of the pressure hull. 

The collapse pressures listed in table A5-1 indicate 
the larger diameters of these pipes will not withstand the re- 
quired 1500 foot crush depth pressure. At that depth, in the 
cylinder diameters under consideration, the unstiffened cylin- 
der is an excessively heavy design. A lighter solution is the 
frame stiffened cylinder. A cylindrical ring frame added to 
the cylindrical shell at intervals greatly increases the exter- 
nal pressure the cylinder can withstand. The stiffening 
frames can be added internally or externally to the cylinder. 
Internal frames are, however, difficult to attach to a ten or 
twelve inch pipe and greatly reduce the available inside dia- 
meter. When the frames are attached internally though, the 
outside of the pressure hull shell can be used as part of the 
envelope. Conversely, when the frames are attached externally 
another shell must be placed around the pressure hull for 
streamlining. The externally framed arrangement does allow the 
frame to be more easily affixed to the cylinder and allows the 
internal volume to be used more effectively. Additionally, 
with the externally framed arrangement, the space between the 
pressure hull and envelope can be used for flotation tanks, 
Sonar arrays, or other uses. This arrangement also allows an 
envelope form without a cylindrical mid section to be used. 

For the stiffened cylindrical pressure hull, the re- 


quired shell thickness can be determined from the following 
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formula [19]: 


š _ PD 
shell 20 y 


Applying this formula to the piping in table A5-1, it is ap- 
parent that even the thinnest walled piping is too thick for 
the intended application. The result is a shell which re- 
quires fewer stiffening frames. This is not the best solution, 
but since the correct wall thickness tubes are not available 
and reducing the wall thickness of the available piping is a 
dubious procedure with doubtful significant gain, it seems the 
best solution. 

The stiffened cylindrical pressure hull constructed 
of 6061-T6 aluminum pipe is, therefore, a viable pressure hull 
configuration, but the envelope form under consideration is not 
a cylinder and the available diameter for a pressure hull gets 
smaller near the ends of the envelpe. One solution is to step 
the cylindrical pressure hull diameter at various points so it 
can better fill the volume. The step, though, is a discontin- 
uity which adds considerable complexity to the pressure hull's 
construction. This additional complexity is considered unnec- 
essary for this design. The pressure hull will, therefore, be 
a straight cylindrical hull of the configuration shown in fig- 
Bre A5-1. 

The main pressure hull as shown in figure A5-l is 


divided into three compartments so the battery compartment can 
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be sealed from the other two. The battery is located amidships 
SO it will be close to the center of buoyancy of the vehicle. 

The calculations required to check the ability of a 
particular stiffened cylinder to withstand external pressure 
are quite involved. The procedure, [19] and [42], involves 
calculating the external pressures which will cause failure of 
various parts of the pressure hull. The computation is very 
lengthy and the designer can only use a rule-of-thumb to de- 
termine the necessary stiffening frame size. The scantlings 
of this frame are then used in the calculation to determine if 
they are satisfactory. This process can be very time consum- 
ing. The calculations, therefore, lend themselves to the use 
of a computer. A FORTRAN computer program was written for use 
on the Interdata M70 computer to perform this task, using the 
calculation method described in [19] and [42]. 

The input to the computer consists of the material 
specifications, hull diameter and configuration, operating 
depth, factor of safety, and stiffening frame scantlings. The 
program determines the maximum allowable spacing for the frames 
in the three different compartments and finally calculates the 
enclosed volume and weight of the pressure hull. A detailed 
description of the use of this program, the program listing, 
and a sample output are provided in the sections at the end of 
this appendix. 

The main pressure hull is not the only pressure ves- 


sel onboard, several other components such as fin servos and 
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solenoid valves wiil have to be contained. 

The pressure housing for these components will be 
much smaller in diameter than the main pressure hull. A cy- 
lindrical unstiffened piece of aluminum pipe can, therefore, 
be used for these housings as long as the external crush pres- 
sure listed in table A5-1 is greater than the actual external 
crush pressure. 

Since the cylindrical pressure hull forms the main 
structural member of the submarine in the midships area, no 
additional structure is required in this region. The nose and 
tail sections will, however, have to have suitable structure to 
support any wet equipment contained therein. The structure 
in this area should be sufficient to support the equipments 
contained therein. It should be lightweight to help reduce 
the overall vehicle weight. No specific structural framing 
method for these areas will be presented since this will be a 


function of the specific equipment to be supported. 


A5.1 Procedure for use of the pressure hull 
Computer Program 
This computer program reads in five or six data 
cards which specify the program. The first data card read in 
is the number of pressure hulls to be investigated. This is 
written in I Format in the first five columns of that card. 
The second data card reads in the hull material 


Specifications as follows: 
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Columns 1-10 Yield stress psi; E Format 
11-20 Modulus of elasticity, psi; 
E Format 
21-30 Possion's ratio; F Format 
31-40 Density, seyn: F Format 


The thırd data card reads in the operating depth and 
factor of safety as follows: 
Columns 1-10 Operating depth, feet; F Format 


11-20 Factor of Safety; F Format 


The fourth data card reads in the inside hull diam- 


eter and thickness of the shell as follows: 


Columns 1-10 Shell inside diameter, inches; 
F Format 
11-20 Shell wall thickness, inches; 


F Format. 


The shell wall thickness may be specified as zero 
here in which case the program will calculate the required 
wall thickness and then choose the closest larger size which 
is commercially available. 

The fifth data card reads in the pressure hull com- 
partment lengths and frame type as follows: 


Columns 1-10 Length of Forward Compartment, 
inches; F Format 


11-20 Length of Battery Compartment, 
inches; F Format 


2130 Length of Aft Compartment, inches; 
F Format. If this is specified as 
zero, then only a two compartment 
pressure hull is assumed. 
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31-35 This is a code 1 or 2 which 
specifies the framing to be used; 
I Format 


If the code in columns 31-35 is a 1 then the program will try 
two frame configurations internal to the program. The first 
has the following dimensions: 

Web Thickness = 0.25 inches 

Web Height = 0.50 inches 

The flange dimensions are both zero. 
The second frame's dimensions are as follows: 

Web Thickness = 0.50 inches 

Web Height = 0.75 inches 

The flange dimensions are both zero, 
These dimensions were chosen as reasonable assumptions for the 
required frame sizes. They are rectangular rather than the 
normal T shape since it is felt the fabrication of a rectan- 
gular frame is much easier than a T frame and the weight saved 
by T frames is negligible in these dimensions. If the “reme 
code is 2 then the program will read in an optional sixth card 
with frame dimensions of the designer's choice, and wi ignore 
the previous canned frame sizes. 

For the sixth data card the frame dimensions are 


Specified as follows: 


Columns 1-10 Flange Thickness; F Format 
11-20 Flange Width; F Format 
zu © Web Thickness; F Format 


31-40 Web Height; F Format 
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Definitions of these dimensions are provided in figure A5-2. 
The flange dimensions may be specified as zero but the web 
dimensions may not. 

Using the previous input data the program will cal- 
culate the maximum frame spacing which satisfies the required 
pressure criteria for each compartment individually. The 
program then calculates the weight of the entire pressure hull 
with either eliptical or hemispherical end closures. 

A listing of the program with descriptive comments 


included for clarity is presented in table A5-2. 


A5.2 Description of Sample Computer Output 
The sample output presented in table A5-3 was run 
with the following input data: 


Hull Material Specifications 


Yield Stress es X de 
Modulus of Elasticity = 10.0 x 10° 
Poisson's Ratio = 0.33 
Density = 0.098 

Hull Parameters 
Operating Depth = 1000 Feet 
Factor of Safety = 1.5 
Hull Inside Diameter = 12,092 inches 
Hull Thickness = 0.33 inches 


Length Forward Compartment = 9.0 inches 
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FIGURE A5-2 TYPICAL STIFFENING FRAME NOMENCLATURE 


flg 


— daf 


eb web 


Label? 


SA 


If a rectangular frame is to be specified rather than a 
"I" frame as shown, then t and h should be set equal 
flg flg 


to zero and the appropriate dimensions given to t eb and ien 


APPROXIMATE OPTIMUM FRAMING DIMENSIONS 





PD 

Benet! es "£1& ^ "shell 
y 
L pr Í = DE 
f 10 web ; shell 
E 
B frm er 

a uim S "senell 
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12.0 inches 


Length Battery Compartment 


Length Aft Compartment = 9.0 inches 


The canned frame sizes mentioned previously were used in the 
calculation. 

The first six pages of output print the results of 
the calculations for the two frame sizes considered for the 
three compartments. The program prints out the critical ex- 
ternal pressures for failure in the various modes and calcu- 
lates the volume and weight of the stiffening frames for the 


particular compartment. The critical pressures are coded as 


follows: 
PCSB - External pressure for shell buckling 
PCYF - External pressure for shell yielding at the 
frame 


PCYMD - External pressure for shell yielding between 
frames 


PCFMY - External pressure for frame yielding 

PCGS - External pressure for general instability 
PCFIS - External pressure for frame instability 
SIGMA - Maximum frame stress 


N - Number of lobes for failure in general 
instability 


A factor of safety of 2.25 is applied to satisfy the criteria 
for PCSB. Also a factor of safety of 3.75 is applied to sat- 
isfy the criteria for PCGS. These additional factors are ap- 
plied due to incertainty in the accuracy of the calculations 


for these two modes of failure [19]. 
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The last page of output gives data on the weight and 
displacement of the entire pressure hull less stiffening 
frames. To determine the total pressure hull weight and vol- 
ume a Satisfactory stiffening framing must be chosen from the 
previous output and the appropriate weight and volume listed 
added to the totals. Generally these additions will be small 
compared with the weights and volumes of the shell, end clos- 


ures, and connecting flanges. 


A5.3 Conclusions 

l. An externally frame stiffened cylindrical pres- 
sure hull is the best selection for the robot's 
primary pressure hull. 

2. Aluminum piping commercially available is well 
suited for use as a pressure hull shell. 

3. Smaller pressure housings can be readily con- 
structed of unstiffened aluminum pipe. 

4. The computer programs provides a useful tool to 
develop a stiffened cylindrical shell pressure 


hull. 
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APPENDIX VI 
CONTROL SYSTEM STUDY 

The control system consists of the control sur- 
faces and actuators. The autopilot which controls the 
actuators is considered a primary payload electronics item 
and is addressed in Appendix VII. 

Two alternative control surface configurations 
will be investigated. First, the steerable ducted propeller 
presented originally in Appendix III, and, secondly, varia- 
tions of the control surface configuration used in the ori- 


ginal robot. 


A6.1 The Steerable Ducted Propeller 

In order to use a steerable ducted propeller as 
presented in Appendix III, the duct will have to be able to 
pivot simultaneously about two axes. This will allow the 
duct to control both the yaw and pitch of the vehicle at 
once. Previous applications on Alvin [3], Aluminaut [4], 
and the Navy's DSRV [2] have used steerable ducted propellers 
for yaw control only. To prove the feasibility of a steer- 
able ducted propeller used to control both the yaw and pitch 
involves developing a workable concept for this arrangement. 

Several steerable ducted propeller configurations 
were investigated, but the arrangement presented in Figures 
A6-l and A6-2 proved conceptually to be the most workable. 


In this arrangement a universal joint is installed in the 
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drive shaft to allow power to be supplied to the propeller 
while the duct is deflected. The universal, however, limits 
the duct's defkction to a maximum of 30 degrees. The duct 
is supported and prevented from rotating itself by another 
universal, which surrounds the drive train universal. 

The duct is the major structural member of the 
proposed configuration with the two four spur star supports 
providing support between the propeller tail shaft and the 
duct. The rear star is removable to allow removal of the 
propeller from inside the duct. The propeller thrust bear- 
ing is located directly in front of the propeller hub. 

Rotation of the duct is accomplished by four con- 
trol rods which lead forward to servo actuators. The slew 
rate of the duct must be carefully controlled to reduce un- 
wanted gyroscopic effects and overreaction of the control 
system. 

The ducted propeller configuration utilizes the 
deflected thrust of the propulsor in conjunction with the 
lift of the rotated duct to provide the steering forces. 
Previous experience with larger versions of this configura- 
tion have shown this system works very well in low speed 
maneuvering, as is the case with the deep submersibles 
previously mentioned. This is not, however, necessarily 
an advantage for the robot which will operate at constant 
Speed. 


| ° . ` 
Several problems with this arrangement may be 
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expected, which could cause serious problems. The most 
serious is the control linkage, which not only moves fore 
and aft, but pivots sideways about the duct pivot. This 
sideways rotation occurs when simultaneous commands to yaw 
and pitch are executed, causing the control rods to deflect 
Sideways into the fins. Flexible control rods reduce this 
problem, but also introduce some cross coupling between the 
yaw and pitch control. This means that, if a yaw deflection 
is first actuated, a subsequent pitch deflection will remove 
some of the yaw deflection. This effect is small for small 
rotations, but becomes increasingly serious as the deflec- 
tions increase. Under normal running, small rotations may 
be all that is necessary, but this is difficult to predict. 

Some additional problems involve the determination 
of the hydrodynamic coefficients for the ducted propeller. 
For a normal lifting surface these are well known, but for 
the ducted propeller they would have to be determined to 
establish the required gains in the autopilot. The effect 
On the thrust due to the variable inflow direction to the 
propeller would have to be evaluated, as well. 

There are also problems with the drive train. The 
universal operating in water could be a problem. Also, che 
propellers operate at 500 to 600 RPM, which could cause a 
problem with the tail shaft support. A model would have to 
be tested to adequately evaluate these problems. 


Though the steerable ducted propeller proposed 
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offers advantages in reduced propeller induced vibrations 
and better propeller protection, some serious questions a- 
rise concerning its operation. The answers to e 
problems require more study of the proposed configuration. 
Until these questions can be satisfactorily answered, the 
use of this proposed steerable ducted propeller configura- 


tion is considered to involve a considerable risk. 


A6.2 Conventional Control Surface Configuration. 

The control surfaces used on the first generation 
robot consists of a set of vertical and horizontal fins 
located at the tail and a pair of diving fins located at the 
forward end of the cylindrical midsection. These forward 
fins would interfere with the pressure hull configuration 
proposed for the second generation submarine, as well as in- 
crease the drag. The question that ensues, then, is what 
effect does removing the forward diving surfaces have? 

An analysis of the effect of longitudinal position 
of control surfaces on directional stability is presented in 
[43]. The analysis concludes that lifting surfaces located 
near the stern improve directional stability more than those 
located near the bow. By removing the forward fins, the 
robot would then be more inherently stable in its depth con- 
trol, provided no large positive or negative buoyant forces 
are present. The robot would not be able to turn up or down 


as quickly without the forward diving planes, due to this 





197 


improved stability, but this is actually a desirable char- 
acteristic. 

The forward diving planes also assist the robot in 
going from partly to fully submerged at the surface. To 
evaluate this effect requires an understanding of the mechan- 
ism which causes the vehicle to go below the surface. 

Lift, or perhaps more correctly, negative lift, is 
developed by the body as the fluid inflow velocity rotates 
from being parallel with the body's axis of symmetry. This 
body lift can be very large. Tail mounted control surfaces 
produce a sideward force when deflected, which rotates the 
body in the flow and, thus, lift is developed on the body 
itself. This causes the body to turn or dive, as the case 
may be. The lift developed by the forward fins do not 
create this turning moment on the body, but rather act like 
a pair of airplane wings. This effect is useful at the sur- 
face where the amount of body rotation can be limited. The 
robot, however, only operates with an inch of freeboard at 
the surface and, therefore, it does not have far to go to 
be submerged. In this case, it is felt the stern horizontal 
planes will easily be able to cause the robot to dive from 
the surface if they are properly applied. Once the submar- 
ine is below the surface, the submarine's depth is easily 
controlled by the stern planes alone. 

Elimination of the forward diving planes not only 


erases the conflict with the primary pressure hull, but also 
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reduces the appendage drag. Additionally, one of the control 
functions of the autopilot is eliminated, thus reducing the 
complexity of that piece of equipment. 

One adverse effect might also be created, however. 
The diving planes provide a great deat of roll damping, which 
is eliminated by their removal. It is questionable if the 
stern planes would provide satisfactory roll damping by them- 
selves. A form of bilge keel may have to be added to the 
body to improve the roll damping, but this will be dependent 
on other factors, such as the vertical location of the center 
of gravity, and are not investigated further here. 

The location of the tail mounted control surfaces 
was also studied. Locating the control surfaces behind the 
propeller increases their effectiveness, due to the increased 
water velocity in the wake, and would allow them to be small- 
er. Also, this location improves the propulsive efficiency 
by as much as three per cent [31]. This location was inves- 
tigated during development of the first generation robot 
submarine and found to be too complex to be practical. This 


alternative will, therefore, not be considered further. 


A6.3 Conclusions. 

1. The steerable ducted propeller is a complex 
System with several drawbacks in addition to its advantages. 
Lack of information concerning the control aspects of this 


alternative and its overall complexity make it a risky 
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selection. 

2. The forward diving planes can be eliminated, 
which will probably lead to an improvement in the depth 
stability of the vehicle. 

3. With the forward fins eliminated, the results 
of Appendix III show the B series propeller with tail control 
surfaces requires lower propulsion power than the steerable 


ducted propeller design. 
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APPENDIX VII 

Primary Control Payload Equipment Study. 

The primary control payload equipment consists of 
those pieces of electronic equipment which perform the various 
control functions for the robot. The primary pieces of equip- 
ment in this group are the onboard computer and the auto- 
priot. 

The onboard computer is the brain of the robot, 
storing and processing all the mission instructions and data 
which is collected. 

The autopilot receives commands from the computer 
and controls the course and depth at the ordered values. 
Depth, heading, and pitch sensors provide the input to the 
autopilot. The autopilot's output goes through a power am- 
plifier to the servo motors, which actuate the control 
surfaces. 

Several basic points were observed during the 
course of this investigation. First, the robot's equipment 
is very specialized for this application. The electronics 
must be small, lightweight, and have low power consumption. 
Second, the arrangement of the electronics is at the whim of 
the designer. Most computers use flat rectangular boards, 
whereas the first generation robot's computer was built on 
circular boards designed to fit into the circular pressure 
housing. Additionally, the density of electronics equipment 


is very low. Accordingly, the volume is more critical than 
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the weight. When packaged in pressure housings, elec- 
tronic equipment will require some ballast to become 
neutrally buoyant. 

The intent of this study is not to develop new 
designs for the electronics required of the robot, but to 
investigate what is available and develop a volume and power 
consumption estimate for the electronics package. This data 


will be input to the design to help size the robot. 


A7.1 The Computer. 

Computers using CMOS circuitry are the lowest 
power consumption units available. Only a few manufacturers 
produce this type of equipment, however. The COSMAC series 
produced by the Radio Corporation of America was one sample 
investigated. These products are usually provided to ori- 
ginal equipment manufacturers. Accordingly, the only com- 
plete units available are in kit form to be assembled 
according to the user's requirements. This route would 
require development of a new computer entirely. 

The computer onboard the first generation robot 
was designed expressly for that function, using the CMOS 
circuitry. It is then a more logical solution to improve 
its capability than to design a new model. 

To improve the present computer, a larger memory 
ls required to meet the requirements of the mission. Two 


basic kinds of memory are available: the random access 
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memory (RAM), and data stored on tape cassette recorders. 
Both of these kinds of memory will be required. The RAM's 
will be used to store mission instructions where rapid 
access is required, and the onboard tape drive will be used 
to store recorded data which requires large storage capacity, 
but has no requirement for access except at the completion 
of the mission when the data is retrieved. 

A digital data mini cassette recorder, manufactured 
by the Raymond Corporation, is the perfect answer for the 


tape drive. The characteristics of this unit are as follows: 


Transport size: o. L. 8" 
Electronics: Baby Poe 1.0" 
Power: Less than 1.5 watts max. 4 


5.0 VDC; Less than 1/4 watt 
max standby. 


Weight: let). 

Capacity: 64k bytes/side unformatted 

Data Transfer Rate: 2400 bits per second 

Rewind: 20" per second 

Packing Density: 800 bits per inch 

With the addition of 8k more RAM and the data 
tape recorder, the computer requirements are estimated as 
follows: 


Estimate Volume for Computer and 
power supplies: 700 in. 


Volume for data tape recorder: 360 9 EDS 
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Estimated Total Volume Allocation 


Required: DOM 


Estimate Total Power Consumption: 9.2 Watts 


A7.2 Autopilot and sensors. 

The autopilot must be compatible with the computer 
and the hydrodynamic characteristics of the vehicle. For 
the second generation robot, the autopilot will have to be 
redesigned, due to the change in the envelope form and the 
removal of the forward diving planes. The D>A and A>D 
interfaces with the computer will, however, still be compati- 
ble with the new design. 

The heading sensor is the only other piece of 
equipment associated with the autopilot which requires 
further investigation. The unit used in the present robot 
is a magnetic compass with an optically scanned compass 
eard. 

As pointed out in [44], a vehicle which operates 
with the velocities and accelerations of the robot can be 
adequately controlled using a magnetic compass, rather than 
the much more expensive and complex gyroscopic variety. The 
present magnetic compass has, however, caused some problems 
with the robot's operation, due mainly to dynamic effects. 
To counter this problem, a Hall effect compass is presently 
under development. This compass has no moving parts and, 


thus, eliminates the dynamic problems. 
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The Hall effect compass uses two Hall effect 
crystals oriented orthogorally in a plane parallel to the 
earth's surface. The angular orientation of this pair in 
relation to the earth's magnetic field produces the heading 
signal. This signal is unaffected by dynamic effects. The 
signal is, however, affected by deviation from the horizontal 
plane, though. Accordingly, when the submarine goes into a 
straight dive, the compass signal will change, even though 
the submarine's actual heading has not. This effect is not 
too serious with the first generation robot's operation, 
because the submarine does not go very deep and its pitch 
is limited. For the proposed second generation robot's oper- 
ation, though, the robot will dive at angles of 30 degrees 
for extended periods; and thus, the heading while diving is 
totally unsatisfactory. The heading deviation during a dive 
can be compensated for by including a pitch indication to 
the compass or by using three orthogonal Hall crystals: but 
this solution will require further development. 

The Hall effect compass is very attractive because 
it is small, light weight, and requires only about 250 mw of 
power. The lack of a tested design, however, makes this a 
risky selection for the primary compass. 

To account for space and volume of the compass, a 
Digicourse magnetic compass very similar in operation to the 
present robot's compass was selected. This magnetic compass 


can pitch up or down to 40 degrees, which should be compatible 
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with the submarine's diving angle. When the Hall compass 
is developed, it will easily occupy the space vacated by the 
magnetic compass. 

An estimate of the space and power required by 
the autopilot, sensors and interfaces with the computer is 
as follows: 


Volume Allocation for Autopilot 


and Sensors: 400 in.? 

Estimated power requirements, 10 watts 
including fin servo control continuous 
motors: 


A7.3 Acoustic Pinger. 

The acoustic pinger provides a 4 ms burst of 
10 KHZ signal every second for tracking and navigation. 
Part of the pinger, the transducer, is located in the wet 
part of the hull; the remainder is located in the pressure 
housing. The dry volume and power allocation for this sys- 
tem is as follows: 

Volume: jo STIS 


Power: 1 watt 


A7.4 Additional Payload Electronics. 

Several other pieces of electronics equipment were 
investigated or specified for the robot. Among these was a 
dopplar navigation sonar which proved to be too large and 


required too much power. 











206 


A command data link was also specified in the 
design requirements; but, due to lack of I ormation and 
time constraints, a suitable model was not located. This 
method of information transfer is used in other applications; 
but the vehicles are much larger, so space is not such a 
problem. 

A collision avoidance sonar was under development 
for the original robot, but it had problems with surface re- 
turn. This equipment is, as yet, still under development, 
but it should prove no problem for the second generation 
robot to accommodate. 

An altitude sonar was also considered in the design 
requirements as a necessary sensor to improve data collection 
with side scan sonar or by photographic equipment. However, 
these two payload packages both proved to be infeasible for 
the robot at this point, due to recording problems and the 
Size of a camera suitable for this application was just too 
big to fit in a vehicle like this without specialization to 


just that mission, which was not desired. 


A7.5 Summary. 

The equipment estimates determined are intended 
to assist in determining the size required for the vehicle. 
The data should represent a conservative estimate, since the 
figures derived from various sources waS increased by 15 per 


cent to account for enclosure and other inaccuracies. 
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APPENDIX VIII 
DATA COLLECTION PAYLOAD STUDY 

The operational mission of the robot submarine is 
to collect data. To perform this function requires various 
sensors be installed onboard. These can vary from motion 
picture cameras to temperature recorders. The potential list 
is extensive, but is limited to water data sensors or survey 
equipment, since the robot is ill suited for collecting bot- 
tom samples. 

The second generation robot is intended to be 
flexible enough that various sensors can be fitted and ex- 
changed at will within the limits of buoyancy and volume 
constraints. To bring this study down to a manageable size, 
two very desirable high impact systems were investigated, a 


side scan sonar and an underwater camera. 


A8.1 Side Scan Sonar. 

A side scan sonar developed by Klein Associates 
was investigated, The transducers could easily be fabricated 
into the envelope occupying the gap between the envelope and 
the main pressure hull. Other considerations concerning the 
feasibility of incorporating the sonar to the submarine are 
not quite so straightforward. 

The biggest problem with this concept is the 
recording and storage of the data onboard the robot. This 


problem is currently being studied, and a system is under 
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development for incorporation into the present robot. If 
this is successful, the system will certainly be adaptable 
to the second generation design. Until this is accomplished, 


however, the system is considered infeasible. 


A8.2 Photographic Equipment. 

Only still cameras were considered because movie 
and television cameras require constant lighting which 
creates unrealistic demands on the energy storage system. 
Still camera shots can, however, be taken with a high inten- 
sity flash. 

Cameras and flash equipment manufactured by 
Benthos Inc. for deep sea application were considered repre- 
sentative examples of this type equipment. The characteris- 
tics of two available models are presented in Table A8-1. 
These cameras come in their own pressure housings and can be 
triggered electrically, which is totally compatible with com- 
puter operation. The larger model has an option which will 
record the time the picture was taken on the film. 

Reviewing the data in Table A8-1, these systems 
are obviously high impact systems. The smaller model is more 
realistic than the larger model, but its capability is ser- 
lously limited. The impact of these systems can be reduced 
by enclosing the flash electronics in the main pressure hull 
and eliminating the battery, instead powering the flash and 


camera from the robot's own energy storage unit. Only the 
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flash tube and reflector need be installed in the nose of 
the vehicle then. This is the only realistic means of in- 


Borporating the unit onboard the robot. 
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APPENDIX IX 
TRIM AND BUOYANCY AUGMENTATION SYSTEM STUDY 

The first generation robot is operated with positive 
buoyancy so it will automatically come to the surface in the 
case of a motor failure. The amount of positive buoyancy and 
the trim is controlled by careful ballasting before the mis- 
sion. The robot is kept below the surface by the thrust of 
the propulsion system and the lift of the control surfaces 
and the body itself to overcome the buoyancy. The vehicle 
was not equipped with any other buoyancy control system. 

For the second generation robot, it is felt an 
easier method of trimming the vehicle is desirable. Such 
a system would eliminate the process of hand ballasting be- 
fore the mission, which requires the operators to be right 
down next to the vehicle. An automatic system would also 
allow the robot to be operated in fresh and salt water alter- 
nately without changing onboard ballast weights. 

The second generation robot is also designed to 
operate at depths down to 1,000 ft. From that depth the time 
for the vehicle to rise to the surface with five or ten pounds 
positive buoyancy and with no propulsion power, as in the case 
of an emergency surfacing, would be considerable.  Addition- 
ally, a submarine with ten pounds of positive buoyancy on the 
surface could be neutrally buoyant, or even negatively buoy- 
ant, at 1,000 feet. In that condition, failure of a servo 


housing seal and subsequent flooding could spell doom for the 
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vehicle. For these reasons, it is felt necessary to provide 
a means to add additional buoyancy to the vehicle, even at 
depth. This additional buoyancy would also enable the robot 
to float higher out of the water on the surface so it is more 
visible for pickup. 

The trim and buoyancy systems both operate similarly, 
since they change the balance between the weight and buoyancy 
of the vehicle. This balance can be altered in two ways: 
first by changing the buoyancy; and, second, by changing the 
vehicle's weight. Changing the buoyancy involves changing the 
displaced volume of the vehicle while keeping the weight con- 
Stant. Changing the weight usually involves flooding or 
evacuating a compartment with water. The latter method is 
the most often employed. 

Methods are available to alter the volume by using 
moving pistons in cylinders, but these structures are heavy 
and mechanically complicated, due to the movable piston 
which must be able to withstand the operating depth pressure. 
Another displacement altering system was employed by Alvin 
[3]. In this system, oil is carried in collapsible bladders 
located outside the pressure housing which can be transferred 
back and forth to special pressure housings.  Transferring 
the oil changes the volume of the bladders and, thus, the 
buoyancy, while the weight of the submarine remains constant. 
Both of these methods are considered too complex for use in 


Ehe robot. 
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Alternately, a tank flooding system involves filling 
two tanks, one forward and one aft, so the pitch can be con- 
trolled, with water until the desired draft and trim are 
achieved. The tanks are then sealed for the mission. These 
tanks must be able to withstand full operating pressure, 
since part of their volume will still be filled with air. A 
system such as this could use large tanks which at the end of 
a mission were evacuated to provide additional buoyancy. The 
evacuation, however, would have to be carefully controlled 
fore and aft so the robot would not be thrown too far out of 
trim during ascent. 

For the robot, the system should be simple and in- 
volve as little weight and energy as possible. Several 
alternatives were considered, some combining the trim and 
buoyancy systems and others leaving them separate. The sys- 
tems selected are presented schematically in Figures A9-1 
and A9-2. 

Separate trim and buoyancy systems are employed. 

This allows the heavier hard tanks required for the trim sys- 
tem to be as small as possible. For the buoyancy augmenta- 
tion system, a bubble of gas would be trapped in a light 
weight enclosure surrounding the battery compartment. The 
position of the enclosure allows only one buoyancy tank to 

be used, which does not seriously affect the trim of the 
vehicle. 


The trim system will consist of two tanks, one 
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forward and one aft. A pair of tubes lead to each tank, a 
bottom fill line and a top vent line. Both lines have sole- 
noid activated, normally closed, two position, high pressure 
valves which control the flow. The vent line is additionally 
equipped with an orifice to restrict air flow and, thus, con- 
trol the tank filling rate. The tanks are located low in the 
hull so they will be under water when the robot is placed in 
the water.and to lower the center-of-gravity. They can be 
filled then, by merely opening the fill and vent valves. 

When the tanks are filled to the proper level, the valves 

are closed and the tanks remain sealed. 

To coordinate the filling operation requires a con- 
troller, a pitch sensor, and a draft sensor. The draft 
Sensor will be located inside the envelope where surface 
wave action will not disturb its reading. The controller 
will then sense the draft and trim and open and close the 
trim tank valves alternately until the desired draft, which 
corresponds to buoyancy, is achieved with zero pitch. At 
that point, the system will be secured. Provision is only 
made in this system for flooding. To drain the tanks, the 
submarine must be removed from the water and the valves 
Opened. As a safety precaution, the valves will be designed 
to be held closed as the external pressure increases so they 
can not be inadvertently opened at depth. 

This proposed trim system involves a minimum of 


moving parts and equipment to perform its task. The trim 
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tanks would be constructed of unstiffened aluminum pipe 
with flat end caps and would be sized to allow effective 
ballasting and trimming between fresh and salt water oper- 
ations.  Spherical glass tanks were also considered, but 
the smallest size available is too big for this application. 
These tanks need not be sized to compensate for changes in 
onboard equipment. 

This proposed trim system is considered feasible, 
but is, at this stage, only conceptual. Development of an 
Operational version will require testing to determine the 
proper fill rate as controlled by the vent line orifice, and 
development and testing of the sensors and controller. The 
concept is presented so an estimate of space and weight for 
such a system can be accounted for in the final design. 

The proposed buoyancy augmentation system uses a 
partly sealed half cylinder placed over the frames of the 
battery compartment, which is sealed at the top and open to 
the sea on the bottom. There is also a controllable vent at 
the top which is opened during the submergance process to 
allow trapped air to escape. The vent will remain open un- 
til the submarine has been below the surface for a while so 
that all the air trapped in the enclosure gets a chance to 
escape. Small, high pressure, gas bottles, air or CU 
carried in the battery compartment will be connected by 
tubing through the pressure hull where they can be vented 


into the enclosure and, thus, evacuate the water. Flow of 





218 


the gas is regulated by another control valve which opens 
on mission completion, or in an emergency. 

The previously proposed system is only possible if 
a double hull is employed. The required amount of buoyancy 
augmentation will have to be determined for each instance, 
but it should be sufficient to allow flooding of one of the 
servo motor housings and still bring the robot to the sur- 
face. 

The previously proposed trim and buoyancy augmenta- 
tion systems are felt to be acceptable low impact solutions 
to the problems. The design detail is not intended to be 
sufficient to allow construction, but is presented to prove 


system feasibility. 
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APPENDIX X 
ROBOT SIZING ROUTINE 

A10.0 

Perhaps the most difficult problem facing the robot 
designer is to determine the overall size of the vehicle. 
The envelope size is a function of all the internal parts, 
and, in turn, affects the drag, which affects the propul- 
sion plant size, which affects the battery size, etc. 

A routine to estimate the size and help calculate the per- 
formance is, therefore, very useful in performing these 
iterations. 

This appendix presents a method for systematically 
looking at the vehicle size and estimating the performance. 
This method is outlined in Table A10-3. 

The first step in the process is to estimate the 
volume required in the pressure hull for electronics and 
all other functions except the battery. This can be accom- 
plished by adding the blocked volumes of the components and 
Maen increasing this value by a suitable percentage, 15 to 
20 per cent, to account for the inefficiency of the enclo- 
sure and the additional volume required for connectors, 
supports, cabling, etc. The estimate should include all 
electronics including the expected payload items. 

The second step is to select the battery from 
Appendix IV which might be suitable to provide the power 


for the vehicle. A detail must then be made of the battery 
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TABLE A10-3 


SUMMARY OF ROBOT SIZING ROUTINE STEPS 


Determine required total payload volume + 15%. 
Select candidate battery from appendix IV. 
Determine battery compartment diameter and length, 


D and Lat 


Using D and Lat and the required volume for 
payload, calculate the internal volume in the 
cylindrical section of the pressure hull and 
nen E 
Determine Do = D + 2t hell SE 

Use figure AlO-1 to determine L. The other curves 
may be more useful if the diameter of the pressure 
hull is not controlled by a large object such as 
the battery. 

Use the computer program to determine speed vs 
power curves and optimum speed data. 

Use the weight estimating routine to estimate the 
E weight of the vehicle. 


Iterate through any or all of the steps again until 


satified with the results. 
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arrangement to determine the minimum diameter of the pressure 
hull and length of the compartment necessary to accommodate 
the battery. The battery is used to establish the hull dia- 
meter because it is usually the single largest individual 
component onboard. Then a suitable diameter of cylindrical 
pipe and wall thickness is chosen from the data provided in 
Appendix V. 

To determine the outside cylinder diameter, use the 
following formula: 


D + 2 x wall thickness + 1.5 


p ^ Pshell 
The factor of 1.5 in the above equation accounts for the 
depth of the connecting flanges which hold the sections 
together. 

With the inside diameter of the pressure hull and the 
size of the battery compartment determined, this data can be 
used in conjunction with the volume required for electronics 
to calculate the total internal volume, less end closures, 
required for the pressure hull. The length of the pressure 
mull, Ls can then be calculated. 

With the values zu and m determined, and using the 
appropriate curve from Figure Al0-1, the minimum length of 
the envelope can be determined. This length is the minimum 
length for the envelope and should be increased slightly for 
the actual design to allow clearance between the pressure 
hull and envelope. The estimated length from Figure A10-1 


is, however, sufficiently accurate for comparison purposes. 
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Figure A10-1 also shows curves relating 
3 3 3 

D MN N/D Pos toD ^L; 

> Gi pO x! ei 


These other curves can be useful if other parameters are 
considered more suitable as an input than D and I: The 
Xy/L curve gives the location of the midpoint of the pressure 
hull from the envelope nose as a percentage of total envelope 
length. This information is useful for locating the fore and 
aft position of the battery compartment. 

The previous routine does not take into account large 
objects located outside of the pressure hull. If this situa- 
tion occurs, a detailed look at the arrangements in the wet 
volume of the envelope must be performed so the size of the 
envelope can be increased as needed to accommodate the 
equipment. 

With the size of the vehicle estimated, an estimate 
of the vehicle's powering requirements can be made using a 
computer program developed for this purpose. 

A10.1 Resistance versus Speed and Optimum Speed 

Calculation Program. 

This computer program provides resistance versus 
speed data and optimum speed data for envelopes with various 
parameters. 

The resistance calculations are computed using the 


method presented in [10]. This method involves writing an 
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expression for the total energy required for both propulsion 
and auxiliary or electronics load as a function of the speed 


over ground. 


E 3 
= + 
T [P t Kp Ve R/V m 
Py = Auxiliary electric load 
5t 
Ky =0.6779 p CT S [1 + el noA 
noA” ca arive train * "motor * "battery conversion 
0.6779 = A combination of constants and conversion fac- 
tors to express the propulsion power in WATTS. 
Vin = Vehicle's speed over ground 
Vo = Current velocity (positive if in the same di- 
o as. V.) 
T 
Va = Vehicle speed through water = Vip _ Vo 


Setting the derivative of this equation with respect 


to Vo equal to zero yields a third order equation in Vin whose 


roots give values for V,, which are the best speeds to operate 


T 
the robot at in a minimum energy sense. These solutions are 
as follows: 


V = optimum speed over ground 
V = A + B + (1/2) Vo one solution only 


where Vo < Veo and where: 
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V 3 


ae oe EE ——— 
=, (2-X”) + 2/1 - x? 


V 
uorunccoe o amen CE MN 
2 (2-x") - 2/1 - X? 
Veo ^ "UP Bel 


X = [Vc/Vcol 
ese ar 
SS [P /2K.] if v,=0 


when Vo > Veo there are three real unequal solutions as 


follows: 


Vp FAtBt (1/2) Vo 
ffe D) (A - B) rn 
E AE 


Here the correct solution must be chosen using engineering 
judgement. 
The data required by the program is read in from a 


Set Ot three data cards. The data cards are organized as 


follows: 








First 


Column l 


TEZO 


21S 30 


31-40 


41-45 


51-60 


Second 


Column 1-10 


i129 


2-09 
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Data Card 


1,2, or 3 code to determine hull 
form: 


l indicates series 58 form 4165 
indicates series 58 form 4166 


indicates series 58 form 4173 


PO-Assumed auxiliary load (WATTS) 
or starting point load if several 
incremented values are to be in- 
vestigated. If PO is specified as 
zero, the first iteration will use 
a value of PO=10 ; F Format. 


Vehicle length, ft; F Format 


Velocity increment in knots for 
speed verses power calculation: 
F Format 


Number of iterations to perform in 
speed power calculation; I Format 


Correction to C due to hull rough- 


ness; F Format. Usually between 
0.5 x 10^? and 1.2 x 10? 


Data Card 


Overall propulsion system efficien- 
cy. F Format 


-PC x Narivetrain * " 


x n 


motor 


Battery Conversion 


Factor to account for appendage 


drag; F Format. 


S 
s t 
e 2 o 3 [1 + S v ] 


Current velocity increment in Knots 


- if opposing current 
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21-30 (continued) 


+ if assisting current 


F Format 


31-40 Number of iterations to perform 


the optimum speed calculation using 


incremented values of Vei F Format 


Third Data Card 


Column 1-5 Code to determine which value of C. 
to use in the optimum speed calcu- 
lation in sea water. Must be less 
than IV. If the velocity increment 
for the speed power curve is 0.5 
and this value is 3 then the C, at 
a velocity of 2 knots will be used 
in the optimum speed calculation. 


I Format. 


0-15 Same code as above but determines 
C. for fresh water optimum speed 
Calculation. I Format 

21-25 Number of iterations to perform in 
the assumed auxiliary power loop. 
Iteration will start at 10 watts 
if PO is specified in data as zero 
and will be incremented by 5 watts 
for each iteration. Optimum speed 
calculations are then calculated 


for each auxiliary power increment. 


A listing of the program with comments added for clarity is 
presented in table A10-1. 
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A10.2 Sample Output from Speed versus Power and 


Optimum Speed Calculation Program. 


The sample output presented in Table A10-2 is for 
the form 4165 equivalent envelope volume equivalent form 
presented in Appendix II with assumed auxiliary loads of 
10, 12 and 17 watts with various opposing and assisting 
current velocities. 

The first two pages of output are the resistance 
versus power figures in sea water and fresh water, respect- 
ively. The next six pages are the optimum velocities at the 
assumed auxiliary loads for the various opposing and assist- 
ing current velocities in sea and fresh water, respectively. 

Choosing the correct speed through the water for 
the robot involves a good deal of engineering judgment. 

The conditions for the calculated optimum speed to be cor- 
rect are very specific, but actual operation is not that way. 
These figures give the designer a target, however, which can 
be useful in making the decision. Other factors, such as 
minimum maneuvering speed, should be considered. It is also 
wise to assume a condition which is as adverse as might be 
reasonably expected in operation. This will yield a vehicle 
which will operate fairly well at most conditions and best 
at the most adverse condition. 

In a very sophisticated design, the optimum speed 


calculated data could be used by the robot to allow the 
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vehicle to operate at near optimum velocity all the time. 


This would, however, require the vehicle to be able to 


. measure both its speed through the water and the current 


velocity all the time so it could properly adjust its speed. 
This type of control is considered far too advanced to be 
given realistic consideration at this point in development, 
however. 

In some cases, though, less sophisticated variations 
of this procedure could be used if the current was measured 
in the area of operation and then the computer programmed 
to alter the vehicle speed accordingly on various legs of 


the mission. 


A10.3 Dry Weight Estimate. 


The final phase of sizing the vehicle is to develop 
a method for estimating the dry weight of the vehicle. The 
output of the computer program presented in Appendix V listed 
the fresh water and salt water displacement for the pressure 
hull. In a vehicle of this type, the pressure hull provides 
a majority of the buoyancy for the vehicle. 

To estimate the vehicle's dry weight, an estimate 
of the buoyancy of the remaining volume inside the envelope 
not enclosed by the pressure hull must be determined. 

For submerged neutral buoyancy, the following must 


be true: 
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Robot Weight = Buoyancy 
The buoyancy can be broken down into two parts. 
First, the buoyancy of the pressure hull and, second, the 


buoyancy of everything else. 


N 


also ES E (pg) 


where v, is the volume of all the wet components in the hull. 
The concept of permeability, u, is useful in estimating this 
volume. 

Permeability is a measure of the portion of a volume 
which could be filled with water. For example, an empty con- 
tainer has a permeability of 1.0. If an object is placed in 
the container, it will occupy some of the volume and the vol- 
ume of water the container could hold will be reduced. A 
permeability of 0.9 would mean the container could only be 
filled with 90 per cent of the water it would hold if the 


object were not inside. Conversely, the volume of an object 


inside a container can be determines as follows: 


Object Volume = Container Volume (1 - |). 


For the robot, a reasonable value for the permea- 


bility of the flooded volume is 0.6. This value can vary 
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considerably according to the equipment contained in the wet 
volume, but 0.6 seems a reasonable estimate. With u deter- 
mined, the volume occupied by equipment in the wet part of 


the envelope is as follows: 


A = [> - (Total Enclosed Pressure Hull Volume] (1-1). 
The estimated dry weight of the robot is then as 


follows: 


W = Pressure Hull displacement + (pg) Ya 


This weight estimate is very rough at this point 
and is considerably affected by the assumed value of y. A 
low estimate of y will yield a high estimate of the total 
vehicle weight. This can, however, be viewed as a conserva- 
tive estimate. As the design progresses, the value of u can 
be refined to improve this overall weight estimate. 

This analysis has not taken the weight or buoyancy 
of the propeller and appendages into account. However, the 
buoyancy of these parts is small in comparison with the 
remaining buoyancy and is not felt to seriously affect the 


estimate. 


Al0.4 Summary. 
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The previous discussion has presented a systematic 


method for estimating and calculating the size of a candidate 


robot vehicle. The various sections of this method can be 
used successively and refined with each iteration. The im- 
pact of pressure vessel volume and dimensions on the vehi- 


cle's performance can be easily investigated. This allovws 
a rough look at various configurations without going into 
a great deal of detail. This routine has proved a useful 


tool in making trade off decisions. 
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